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ABSTRACT 
 
 This study uses polymorphic microsatellites (SSR) to elucidate the similarities among 
the diploid and tetraploid rose genomes by comparing their maps and clarifying the 
predominant inheritance patterns (disomic versus tetrasomic) seen in the tetraploid 
population.  
 
One hundred and eight out of 175 SSRs were polymorphic in both the OBxWOB26 (Old 
Blush x (‘Basye’s Thornless’ x ‘Old Blush’) diploid backcross population and the GGFC 
(‘Golden Gate’ x ‘Fragrant Cloud’) tetraploid full-sib population. Of these 69 
fluorescently labeled SSRs and 5 morphological traits were used which generated 107 
loci and 5 trait loci with 99 diploid population progeny.  The tetraploid map was 
constructed with SSRs and AFLPs with 131 tetraploid progeny using the single dose 
restriction fragment (SDRF) analysis. The degree of preferential chromosome pairing in 
the tetraploid population was examined by looking at the segregation ratios among the 
double-dose markers (DDMs) as well as the ratio of loci in repulsion vs coupling phase 
using single-dose markers (SDMs). These approaches showed that there was a 
combination of disomic and tetrasomic inheritance.  
 
 A diploid, a tetraploid and an integrated diploid-tetraploid genetic linkage map were 
developed from two populations using JoinMap 4 with the cross pollination option. In 
the diploid map, 7 integrated linkage groups covered a length of 352.3 cM with an 
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average chromosome size of 50.3 cM. The morphological traits, prickles on stem 
(prickles), recurrent bloom (RB)) and flower type (Blfo) were mapped on the Chr LG3 
which matched with the ICM (Integrated consensus map) published by Spillers et al., 
(2010).  Moreover, 5 out of the 69 SSR markers (RhJ404, H9_B01, RW11E5, RW8B8 
and RhE3) were mapped to two or more loci each on different chromosomes of the 
diploid map. In the tetraploid map, 174 out of 346 (50%) loci of single-dose markers 
(SDMs) and double-dose markers (DDMs) were mapped on a length of 883.4 cM with 9 
linkage groups. Sixty anchor SSR markers were used to join the diploid and tetraploid 
maps which included 215 loci with a map length of 632 cM. Synteny of common SSRs 
and morphological traits, prickles, RB, Blfo, powdery mildew resistance (PM) and petal 
number (PN) on the integrated diploid-tetraploid map with the ICM, the GGFC and the 
K5 map demonstrated the collinear alignment among these maps.  
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CHAPTER I 
INTRODUCTION AND 
LITERATURE REVIEW 
 
Rose as a species 
The first fossil evidence of the rose dates back 35 million years ago in North America. 
Among the Rosaceae family, there are over 3000 species, which includes various 
domesticated fruit crops such as strawberry (Fragaria vesca), plum (Prunus salicina), 
peach (Prunus persica), almond (Prunus dulcis), apple (Malus domestica), pear (Pyrus 
communis), blackberry (Rubus sp.), and raspberry (Rubus idaeus), as well as 
ornamentals such as roses (Rosa x hybrida). The genus Rosa includes 130 recognized 
species in three subgenera, Eurosa, Hesperhodos and Platyrhodon. The subgenus Eurosa 
includes more than 95% of the rose species (Zlesak, 2006). However, only seven to ten 
species (Rosa damascena, Rosa chinensis , Rosa foetida, Rosa gallica, Rosa gigantea, 
Rosa moschata, Rosa multiflora, Rosa phoenicia, Rosa rugosa, and Rosa wichurana) 
were used to breed most modern roses. In the rose, chromosomes occur in basic sets of 
7. Approximately one fourth of the rose species are diploids (2n=2x=14). Among the 
others, 3 triploid (2n=3x=21), 46 tetraploid (2n=4x=28), 24 pentaploid (2n=5x=35), 22 
hexaploid (2n=6x=42), and 2 octoploid (2n=8x=56) species have been reported 
(Mastalerz and Langhans, 1969).  Roses are broadly divided into three groups, wild 
roses (species roses), old garden roses, and modern roses. Breeders have worked on 
introgressing many desirable traits such as black spot resistance from wild rose species 
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into modern cultivars. Old garden roses introduced prior to 1867 and modern roses 
identified after 1867 are mostly tetraploids with a few triploids and diploids (Zlesak, 
2009) 
 
Commercial roses 
As stated earlier, ploidy levels can range from the diploid to the octoploid level, 
however, most cultivated rose varieties are highly heterozygous tetraploid plants and 
recurrent flowering. In contrast, most diploid species are nonrecurrent flowering 
(Debener, 1999). The complex segregation patterns in the progeny of polyploids and the large 
number of genotypic groups that need to be resolved in tetrasomic as compared to disomic 
inheritance make the genetic analysis of polyploids more challenging than diploids (Barker et al., 
2010). In tetraploids, the segregation of traits and difficulties of genetic analyses is much 
more complex than diploids. Therefore, expanded knowledge of the genetics of 
important rose traits together with the use of molecular markers would accelerate the 
introgression of genes from wild rose species into the genetic background of modern 
tetraploid roses (Byrne, 2003; Dugo et al., 2005). The purpose of making a genetic map 
of rose, as was done in many field and vegetable crops such as potato, legume, tomato, 
rice and corn is to assign traits to well defined regions on one or more of the 7 
chromosomes (Rajapakse, 2003). In addition, roses have relatively small genome size 
among the flowering plants, comprising about 600 mega base pairs (Mbp) (Zhang et al., 
2006). This combined with rose’s diversity of morphological traits, ability to be 
transformed and vegetative propagation facilitates its use as a model plant to discover 
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and understand genes, which is important to the areas of the floral, ornamental and 
perfume industries.  
 
Genetic maps in roses 
To date the mapping in roses was done mostly using PCR based markers (Von Malek et 
al., 2000). Four pairs of maps are presently available for diploid roses and three pairs for 
the tetraploids (Table 1). The first molecular genetic linkage map for rose had 305 
RAPD and AFLP markers (Debener and Mattiesch, 1999) on a diploid population 
derived from Rosa multiflora hybrids 93/1-117 and 93/1-119. Two maps of seven 
linkage groups each were constructed, one for each parent. The maps spanned 326 and 
370 cM of the genomes with an average distance between markers of 2.4 and 2.6 cM, 
respectively. Among the seven groups, genes controlling double corolla (Blfo), pink 
flower color (Bfla), resistance to black spot (Rdr1) and resistance to powdery mildew 
(Rsp1) were mapped (Debener and Mattiesch, 1999; Von Malek et al., 2000).  
 
The first set of diploid parental linkage maps were expanded by Yan (2003 and 2005). 
These two parental maps, consisting of 365 AFLP and SSR markers with the diploid 
rose population, 94/1, derived from a cross between two diploid half-sibs originating 
from open-pollinated progeny of a R. multiflora hybrid provided by Thomas Debener 
(Debener and Mattiesch, 1999). The two parental maps have eight (463 cM) and seven 
(491 cM) linkage groups with an average  distance between markers of 2.9 cM and 3.7 
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Table 1. Genetic maps that have been constructed for diploid and tetraploid roses. 
Population Progeny (no) Molecular 
Markers 
Morphological traits Disease 
resistance 
Reference 
Diploid population (94/1) 
derived from Rosa multiflora 
hybrids (93/1-119 and 93/1-
117). 
60 RAPD,AFLP 
(305 in total) 
Petal number (Blfo) 
(double vs. single), 
flower color (Blfa) 
(pink vs. white) 
 
 Debener et 
al., 1999 
A cross (94/1) of two diploid 
half-sib parents  
(P119 and P117) originating 
from open-pollinated 
progeny of a R. multiflora 
hybrid 
88 
 
AFLP, SSR 
(365 in total) 
Leaf area,  
chlorophyll content 
 Yan et al., 
2003 
AFLP, SSR, PK, 
RGA, RFLP, SCAR, 
morphological  
(520 in total) 
  Yan et al., 
2005 
Number of internodes, 
stem thickness, shoot 
length, chlorophyll 
content, leaf area, leaf dry 
weight, stem dry weight, 
total dry weight, specific 
leaf area and growth rate 
(QTL analysis) 
 Yan et al., 
2007 
 Rdr1 is close to 
155SSR and 
RMS015 in 
LG1 
Biber et 
al.,2010 
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Table 1. Continued. 
Population Progeny (no) Molecular 
Markers 
Morphological traits Disease 
resistance 
Reference 
See above page   Floral scent volatiles: 
nerol, neryl acetate and 
geranyl acetate (single 
trait); geraniol, beta –
citronellol and 2-
phenylethanol (QT L 
analysis) 
 Spiller et al., 
2010 
A tetraploid Fl progeny 
crossed by male (95/1,95/2 
and 95/3) and resistant 
female (91/100-5) parents 
segregating for the presence 
of the black spot resistance 
gene Rdr1 
 
 RAPD, AFLP, SCAR  Resistance to 
black spot 
(Rdr1) 
Von Malek 
et al., 2000  
Above population 
 
 
 
 
 AFLP, SCAR  Resistance to 
Powdery 
mildew (Rpp1) 
Linde et al., 
2004 
A diploid progeny 97/7 
crossed by the resistant 
diploid female parent 95/13-
39 and the susceptible 
diploid male parent Sp3 
(82/78-1) 
270 for 
phenotypic 
trait analysis 
and 170 for 
marker 
analysis 
SCAR, CAPS, RGAs 
and BAC end-
derived marker (233 
in total). 
Prickles, white stripes, 
double flowers  
Resistance to 
Powdery 
mildew and 
black spot 
(QTL analysis) 
Linde et al., 
2006 
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Table 1. Continued. 
Population Progeny (no) Molecular 
Markers 
Morphological traits Disease 
resistance 
Reference 
See above page    Rdr1 is close to 
155SSR and 
RMS015 in 
LG1 
 
Biber et 
al.,2010 
Population from an 
interspecific cross between 
diploid roses, ‘Blush 
Noisette’ and R. wichurana 
‘Basye’s Thornless’ 
96 130 RAPD 
2 SSR 
1 morphological 
Flower size, days to 
flowering, 
leaf size, 
 
Resistance to 
powdery 
mildew 
Dugo et al., 
2005 
A cross between a dihaploid 
rose, derived from the 
haploidisation of a modern 
cultivar R. hybrida cv 
Zambra, and a diploid 
species R. wichurana.  
91 AFLP Recurrent blooming , 
double corolla, thorn 
density of the shoots,  
 Crespel et 
al., 2002 
AFLP, 44 EST-SSRs, 
20 genomic-SSRs 
105 and 136 in 
maternal and paternal 
map, respectively) 
Date of flowering, number 
of petals (QTL analysis) 
 Hibrand-
Saint Oyant 
et al., 2008 
SSCP, CAPS and 
dCAPS (213 in total) 
and integrated map 
spans 482 CM 
GA pathway in floral 
control (recurrent or non-
recurrent blooming and 
date of flowering) (QTL 
analysis) 
 Remay et al., 
2009 
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Table 1. Continued. 
Population Progeny (no) Molecular 
Markers 
Morphological traits Disease 
resistance 
Reference 
Tetraploid F2 selfed seedlings 
from F1 plant 90-69, a hybrid 
between tetraploid ‘Basye’s 
Blueberry’ (82-1134) x 
amphidiploid 86-7(male 
parent)  
52 
 
RFLP, RAPD  Resistance to 
black spot  
Ballard et al.,
1996  
AFLP,  
3 restriction enzymes
(167 and 171 in total, 
respectively) 
 Resistance to 
black spot 
Rajapakse et 
al., 2001a 
675 AFLPs 
1 isozyme 
3 morphological 
6 SSR 
Prickles on the stem, 
growth habits 
prickles on the petiole 
malate dehydrogenase 
Resistance to 
black spot 
Rajapakse et 
al., 2001b 
AFLPs, 
17 SSR(286 and 256 
in paternal  and 
maternal map , 
respectively) 
  Zhang et al., 
2006  
Cross between ‘Golden Gate’ 
(GG) and ‘Fragrant Cloud’ 
(FC) 
132 AFLP, RFLP , SSR, 
CAPS and 
morphological traits 
Anther color and  flower 
color  
 Gar et al., 
2011 
A tetraploid population K5 ( 
P540  x   P867) 
184 AFLP, NBS profiling, 
and SSR markers 
QTL: Prickles on the stem, 
and petal number 
Powdery 
mildew 
resistance 
Koning-
Boucoiran et 
al., 2012 
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cM, respectively. Two growth vigour-related quantitative traits, leaf area and chlorophyll 
content, were mapped with three and two QTLs, respectively (Yan et al., 2003; 2005). 
 
The second set of diploid genetic maps was constructed with AFLP markers with a 
population of 91 individuals derived from a dihaploid rose, H190, originating from a 
modern tetraploid R. hybrida cv Zambra and the diploid species R. wichurana hybrid 
(Rw). The parental map of the dihaploid includes eight linkage groups covering 238 cM 
of it genome, while another map of R. wichurana comprises six linkage groups covering 
287 cM. Two qualitative traits, recurrent blooming and double corolla as well as one 
quantitative trait, prickle density of the shoots controlled by a major and a minor QTL 
were located on the parental maps (Crespel et al., 2002).  
 
The third genetic map developed with 96 F1 diploid hybrids between ‘Blush Noisette’ 
(seedling of ‘Champneys’ Pink Cluster’) and R. wichurana ‘Basye’s Thornless’, which 
consists of 133 RAPD, SSR and morphological markers (Dugo et al., 2005). The 
parental map lengths for their 7 linkage groups were 300 and 260 cM, rspectively. Four 
quantitative traits (flower size, days to flowering, leaf size, and resistance to powdery 
mildew) were analyzed and multiple QTLs for each trait were located on the map (Dugo 
et al., 2005). 
 
The fourth linkage map was developed for the diploid population 97/7. It is a cross 
between 95/13-29 (resistant against powdery mildew isolate 9) and 82/78-1 (susceptible 
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Sp3). This map used 233 markers including 172 AFLP, 50 RGAs, 4 SSRs, 4 
morphological markers, 1 CAPS, 1 SCAR and 1 BAC end-derived marker to map 418 
cM on 7 linkage groups. Twenty-eight QTLs were mapped which included 3 powdery 
mildew (PM) resistance QTLs which explained about 84% of the variability for this trait. 
Most PM resistance QTLs were detected on LGs 3 and 4 with one near the prickles locus 
on LG 3. Three morphological markers (prickles, double flowers and white stripes) were 
mapped on both ends of LG2 in the linkage map (Linde et al., 2006).  
 
The first tetraploid rose map was developed with F2 progenies produced by selfing 90-69 
a hybrid between 87-6, an amphidiploid resistant to black spot, and ‘Basye’s Blueberry’, 
a tetraploid moderately susceptible to black spot. The map of the amphidiploid consists 
of markers assigned to 15 linkage groups over 902 cM of the genome, while the map of 
‘Basye’s Blueberry’ consists of markers assigned to 14 linkage groups and 682 cM. Two 
genes, prickles on the leaf petiole (Ppr) and subunit of isozyme malate dehydrogenase 
(Mdh-2) are located on the amphidiploid map (Ballard et al., 1996; Rajapakse et al., 
2001a; 2001b) (Table 1). Subsequently 17 new SSR loci were incorporated into the 
existing maps (Zhang, 2006). 
 
The second tetraploid map was constructed with a mapping population of 132 progeny 
from a cross between a the pink and fragrant garden rose ‘Fragrant Cloud’ (FC) and the 
yellow cut rose cultivar ‘Golden Gate’ (GG). A total of 449 polymorphic markers 
including AFLPs, RFLPs, SSRs, CAPS and morphological markers were scored. Three 
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hundred and fifty-eight markers were used to construct the linkage map. The lengths of 
the GG and FC maps were 632 cM (259 markers) and 616 cM (210 markers) 
respectively over 7 linkage groups. Anther color, flower color and resistance to powdery 
mildew were also included on the map (Gar et al., 2011). 
 
Recently, a third tetraploid map was created with a population K5, created by crossing 
two cut flower hybrid tea roses, the dark red flower maternal tetraploid, P540, and the 
pale salmon and resistant to powdery mildew paternal tetraploid, P867.  Maternal 
linkage map of P540  includes 172 loci over 28 linkage groups spanning 1081 cM with 
275 markers (143 uni-parental simplex markers and 132 bi-parental simplex markers); 
while paternal linkage map of P867 contains 209 loci over 30 linkage groups covering 
1225 cM with 326 markers (194 uni-parental simplex markers and 132 bi-parental 
simplex markers). Quantitative trait locus (QTL), prickles on the stem, was mapped on 
P540 parental map and QTLs, petal number and powdery mildew resistance, were 
mapped on P867 parental map.  In this article, according to the procedure of Wu et al. 
(1992), the mode of inheritance of the two parental linkage maps also was discussed and 
concluded that a tetrasomic inheritance or possibly a combination of disomic and 
tetrasomic  inheritance fit the observations best (Koning-Boucoiran et al., 2012). 
 
Synteny of diploids, diploid and tetraploid roses  
A unified diploid genetic linkage map for roses was linked by 59 bridge markers from 4 
different maps. This integrated consensus map (ICM) has 597 markers distributed over a 
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length of 530 cM on the 7 LGs (Spiller et al., 2010). The ICM provide information for 
the phenotypic traits with high relevance of rose variety development.  In addition, 
diploid ICM map was compared with autotetraploid GGFC map manually (Gar et al., 
2011). 
 
Inheritance of rose traits 
Among the approximately 130 different species of the genus Rosa (Zlesak, 2006), the 
ploidy level of genetic system can range from the diploid to the octoploid level. Given 
obstacles such as incompatibility among ploidy levels, self-incompatibility and fertility 
barriers between some species, and the highly heterozygous nature of genus Rosa, 
genetic studies of Rosa can be challenging (Debener 2003). As mentioned earlier, the 
difficulties of genetic analysis in tetraploids are more complex than diploids because 
they have more alleles per loci that are simultaneously segregating which necessitates 
the use of larger populations as compared to the diploid situation for the same trait 
resolution. 
 
Over past few decades, the inheritance of morphological and physiological characters 
such as recurrent flowering (De Vries and Dubios, 1984; Crespel, 2002), resistance to 
the black spot fungus Diplocarpon rosae race 3 (Von Malek and Debener, 1998), 
resistance to powdery mildew (Linde and Debener, 2003), petal number (Hibrand-Saint 
Oyant et al., 2008), flower color (Debener and Mattiesch 1999), double corolla (Crespel, 
2002), growth type (De Vries and Dubois, 1984; Dubois and De Vries, 1987), prickles 
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on petioles (Rajapakse, 2001b), and prickles on stems (Debener, 1999 and Rajapakse et 
al., 2001b) has been reported. QTLs conditioning prickle density of the shoots (Crespel, 
2002), leaf area, chlorophyll content (Yan et al., 2003), flower size, flowering time, leaf 
size, and resistance to powdery mildew (Dugo et al., 2005) (Table 2) have been reported 
(Byrne, 2009). 
 
Mutant types compared to wild types also play an important role in plant genetic 
research. Three out of five SSR markers were identified to distinguish polymorphism 
between the fragrant wild type (‘Jinyindao’) and its non fragrant mutant 
(‘Wangriqinghuai’) when screened with SSRs derived from an EST library from fragrant 
related genes of ‘Jinyindao’ and ‘Wangriqinghuai’  . In addition, these five SSRs 
developed from, ‘Jinyindao’ and ‘Wangriqinghuai’, were also identified as polymorphic 
among 18 fragrant and non-fragrant rose cultivars (Yan et al., 2009).  
 
GA plays a key role in recurrent blooming in roses as indicated by the effect of its 
exogenous application on preventing flowering in non-recurrent blooming roses, but not 
in recurrent blooming roses (Roberts et al., 1999). A recurrent/nonrecurrent mutant pair 
(‘Little White Pet’ and ‘Felicite&Perpetue’) was used to study the effect of gibberellins 
(GA) on floral initiation and recurrent blooming via the analysis of transcript abundance. 
Subsequently the gibberellin-gene-relative primers were used to extend the existing QTL 
for date of flowering and single recessive locus, recurrent blooming (RB) (Remay et al., 
2009). Molecular markers (SSCP, CAPS or dCAPS) of GA-influenced floral candidate 
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genes were designed from the similar genes of Arabidopsis, and 24 out of 25 candidate 
genes were assigned to genetic linkage map (Crespel et al., 2002; Hibrand-Saint Oyants, 
et al., 2008). Three flowering genes (RoVIP3, RoSPY and RoDELLA) which affect GA 
signaling,  mapped closely to the two important morphological loci, date of flowering 
and recurrent blooming (RB) (Remay et al., 2009).   
 
Table 2. Rose morphological and physiological characters genetically analyzed in the 
past three decades.  
 
Character  Mode of inheritance  Reference 
Recurrent flowering  Monogenic recessive De Vries and Dubois, 1984 
Crespel, 2002 
Yellow flower color Monogenic dominant De Vries and Dubois, 1978 
Miniature stature Monogenic dominant Dubois and De Vries, 1987 
Pink flower color Monogenic codominant Debener, 1999 
Double flowers Monogenic dominant Debener, 1999 
Double corolla Monogenic dominant Crespel, 2002 
Prickles on stems Monogenic dominant Debener, 1999  
Rajapakse et al., 2001b 
Prickles on petioles Monogenic recessive Rajapakse et al., 2001b 
Moss phenotype Monogenic dominant De Vries and Dubois, 1984 
Dwarf phenotype Monogenic dominant Dubois and De Vries, 1987 
Resistance to black spot 
race Rdr1, Rbs, Race3, 8 
and 9 
Monogenic dominant Von Malek and Debener, 1998; Yan, et al., 2005; Zlesak et al., 
2010 
Resistance to powdery 
mildew Race Rpp1, 
CRPM1, Rpm 
Monogenic dominant Linde and Debener, 2003 
 14 
 
Table 2. Continued. 
Character  Mode of inheritance  Reference 
Anther color Monogenic dominant Gar et al., 2011 
Winter hardiness  Quantitative Svejda, 1979 
Individual pigments  Quantitative De Vries et al., 1980a 
Marshall et al., 1983 
Flowering under low 
irradiance  Quantitative De Vries et al., 1980b 
Leaf area  
Chlorophyll content Quantitative Yan et al., 2003 
Flower size, Flowering 
time, Leaf size Quantitative Dugo et al., 2005 
Prickle density of the 
shoots Quantitative Crespel et al., 2002 
Blooming date, petal 
numbers Quantitative Hibrand-Saint Oyant et al., 2008 
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Molecular markers 
Several types of DNA markers have been widely used for map construction: restriction 
fragment length polymorphisms (RFLPs), random amplified polymorphic DNAs 
(RAPDs), simple sequence repeats (SSR or microsatellites) and amplified fragment 
length polymorphisms (AFLPs). In recent years, RGA (resistance gene analog) analysis 
as well as NBS (nucleotide binding site) and LRR (leucine-rich repeat) profiling were 
utilized to design primers and to identify the markers linked to the  resistance (R) gene, 
Rdr3 (Terefe and Debener, 2009; Whitaker et al., 2010). All types of DNA markers can 
detect sequence polymorphisms and can be used to monitor the segregation of a DNA 
sequence among a progeny to construct a linkage map. Potentially unlimited numbers of 
DNA markers can be analyzed in a single mapping population. Backcross and F2 
populations are more suitable than F1 populations for DNA-based mapping. These types 
of populations are also better suited for the analysis of quantitative traits (Phillips and 
Vasil, 2001). 
 
Selection of parents is a critical step in the gene mapping process because to construct a 
map, the parents must differ in their marker profiles. In this research, two rose species 
Rosa wichurana ‘Basye’s Thornless’ (BTh) and Rosa chinensis ‘Old Blush’ (OB) were 
selected as the plant materials because they differ in growth habits, horticultural 
characteristics, and black spot resistance. The goal in the associated breeding program is 
to combine the desirable disease resistance and the absence of stem prickles from BTh 
with the everblooming trait and various horticultural traits from OB to develop disease 
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resistant and recurrent blooming commercial cultivars without prickles. Moreover, SSR 
markers tend to exhibit high levels of polymorphisms, which make them extremely 
usedful in the narrow crosses (Rongwen et al., 1995), or the hybrids from the distantly 
related parents as the plant materials we used in the experiments.  
 
The development of a genetic map in rose will facilitate candidate gene identification, 
marker assisted selection and the comparison of the synteny among diverse taxonomic 
groups.  
 
SSR markers (microsatellites) 
SSRs (Simple sequence repeats) or microsatellites are ubiquitous sets of tandemly 
repeated DNA motifs. The repeat regions are generally composed of di-, tri-, tetra- and 
sometimes greater repeated nucleotide sequences (Tautz and Renz, 1984). Compound 
repeats composed of two or more repeat motifs are also frequently found (Phillips and 
Vasil, 2001). Microsatellites, although generally more expensive per data point, are 
especially attractive because they are frequently highly polymorphic as well as PCR 
based and generally inherited in a co-dominant manner (Morgante and Olivieri, 1993). 
Despite the high degree of polymorphism, microsatellite alleles also have a high 
transferability to other crosses and related species (Cipriani et al., 1999, Mnejja et al., 
2004). For example, among the SSRs found in the rose genome, there were twice as 
many CT base pair repeats as GT base pair repeats, which was also found from 
characterization in the peach (Zhang, et al., 2006).  In addition, SSR markers developed 
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from ESTs provide useful resources for mapping genes with putative functions (Jung et 
al., 2005). For instance, five EST-SSR markers were used to identify the polymorphism 
of the fragrant roses and non- fragrant roses in the study of floral scent (Yan, 2009). 
Therefore, due to the abundance of SSR in the rose genome, developing SSR markers 
for roses is an important tool for map construction. To date, over two hundred SSR 
markers have been developed and used for constructing genetic linkage maps of roses 
(Yan et al., 2005; Zhang et al., 2006; Hibrand-Saint Oyant et al., 2008; Yan et al., 2007; 
Biber et al., 2010; Spiller et al., 2010).  
 
As the numbers of traits that have their genetic basis determined, our ability to develop 
breeding strategies to predict and minimize the number of progeny and generations 
needed for trait manipulation increases (Debener, 2003). In other words, reliable genetic 
markers for key horticultural traits in roses would accelerate the introgression of 
important traits from wild diploid rose species into the genetic background of diploid 
and tetraploid modern roses and would allow the pyramiding of desirable traits 
(especially disease resistance) leading towards the development of superior varieties 
(Byrne, 2003). 
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CHAPTER II 
MATERIALS AND METHODS 
Plant materials 
Diploid population 
The population studied is a rose backcross population of diploid (2n=2x=14) WOB26 
hybrid (Rosa wichurana “Basye’s Thornless” x Rosa chinensis ‘Old Blush’) backcrossed 
to ‘Old Blush’. ‘Basye’s Thornless’ (BTh) is a once blooming, ground cover rose with 
single white flowers, no prickles on the stem and high resistance to black spot. ‘Old 
Blush’ (OB) is a recurrent blooming, upright growing bush with double, pink flowers, 
prickles on the stem and susceptibility to black spot. The F1 hybrid, WOB26, is a once 
blooming, low growing rose with single light pink flowers, few prickles on the stem and 
moderate resistance to black spot. A total of 99 progeny of this cross was used for the 
map development. This population was grown in the field in College Station (30°36′5″N 
96°18′52″W), TX, USA, a subtropical mild winter, hot summer humid climate which has 
an average annual rainfall of 1000 millimeter, an average elevation of 112 meter above 
sea level and an average temperature of 20 °C. 
 
     Tetraploid population  
The full-sib autotetraploid (double pseudo testcross) population is a cross between Rosa 
x hybrida cv. ‘Golden Gate’ bred by W. Kordes’ Sohne  and Rosa hybrida cv. ‘Fragrant 
Cloud’ bred by RosenWelt Tantau. This population progeny were grown in the pots with 
a peat: volcanic gravel (1:1, v/v) mixtures in a greenhouse under natural photoperiod and 
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28 oC day and 20 oC night controlled temperature in Rehovot, Israel (31°53′52.67″N 
34°48′29.24″E). ‘Golden Gate’ (GG) is a modern cut-flower cultivar with caroteneids-
containing yellow petals, faint fragrance and long vase life, whereas ‘Fragrant Cloud’ 
(FC) is an old garden cultivar with large red (anthocyanins) petals, strong scent and short 
vase life. A total of 131 individuals in the tetraploid population were used to construct 
the genetic linkage map. 
 
DNA extraction and PCR amplification 
DNA extraction  
DNA extracted from young leaves from the three diploid parents (BTh, OB, and 
WOB26) and 99 WOB26 backcross progeny according to the modified procedures from 
Doyle and Doyle (1987) extraction protocol, whereas genomic DNA of 131 individuals 
in the tetraploid population and its parents (GG and FC) were extracted according to 
Roche et al. (1997). 
 
The WOB26 backcross population was grown in the Texas A&M University research 
farm which is located south of the intersection of Harvey Michelle Parkway and 
University Drive near campus. Some progeny were planted on the bed Q next to the 
building of the Department of Horticultural Science on campus. The field samples were 
collected from the multiple-node stem cuttings with the younger leaves on the live plants 
and put into the clearly labeled plastic bags in an ice-filled container to maintain tissue 
fresh. In the laboratory, 100 mg of the youngest leaf tissue of each sample was put into a 
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1.5 mL micro-centrifuge tube. Approximately 100 mg of the youngest and unexpanded 
leaves of the live plants in bed Q was collected and put directly into the marked 1.5 mL 
micro-centrifuge tubes in an ice-filled bucket.  
 
For DNA extraction, liquid nitrogen was poured into the micro-centrifuge tubes and then 
the frozen leaf tissues were crushed and stirred with a sterilized micro-centrifuge blue 
pestle on the cordless battery drill. After the tissues were thoroughly ground into a 
powder, seven hundred µL of 2X CTAB (cetyltrimethyl ammonium bromide) was added 
to each tube and mixed with vortex mixer (Vortex-Genie 2, Scientific Industries, Inc., 
Bohemia, NY) for approximately 10 minutes.  All tubes were placed in a water bath at 
65 °C for 2.5 hours and then removed and allowed to cool to room temperature 
(approximately 25°C). Seven hundred µL of CIA (chloroform : iso-amyl alcohol, 24:1 ) 
was added to each tube and vortexed until thoroughly mixed and then centrifuged at 
13200 g for 10 minutes until the top layer of sample was clear and colorless.  If this layer 
was not clear, the centrifugation step was repeated.  Transfer the clear upper layer of a 
sample to a new1.5 mL micro-centrifuge tube and add another 700 µL of CIA. Next 
thoroughly mix the sample by inverting several times and vortexing briefly. And repeat 
the centrifugation step.  Again remove the clear aqueous layer of the sample and put into 
a new micro-centrifuge tube. To this, add 1 volume of cold isopropanol (approximately 
500 µL) to the sample to precipitate the DNA. The tubes were mixed by inverting 
several times and were placed in the -20 oC freezer overnight to help the DNA 
precipitation. The next day, the tubes were centrifuged at 6000 g for 10 minutes and the 
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supernatant poured off leaving the DNA pellet on the bottom of the tube. The tubes were 
then inverted on a paper towel and allowed to dry.  The DNA pellet was twice washed 
with 70% ethanol and centrifuged at 6000 g for 1-2 minutes. The ethanol was gently 
poured out from each tube and the DNA pellet was allowed to air dry at room 
temperature. The DNA was then dissolved by vortexing for 10 minutes in 50-200 µL of 
TE. All DNA samples  were stored at -20 oC. 
 
PCR amplification 
The PCR reaction mixture contained 1 µL 10 ng DNA, 0.5 µL HEX, TET, FAM, or 
NED fluorescently labeled forward primer or a non- fluorescently labeled forward 
primer, 0.5 µL reverse primer, 2.5 µL DNase-/RNase-free water, 5 µL GoTaq Green 
Master Mix [2X of GoTaq DNA Polymerase supplied in 2X Green GoTaq Reaction 
Buffer (pH 8.5), 400 µM dNTP and 3 mM MgCl2] (Promega Corporation, Madison, WI) 
and 0.5 µL 25 mM MgCl2. The PCR reactions were performed in a TECHNE TC-412 
thermal cycler  (Bibby Scientific Limited, UK) programmed for one step of denaturation 
at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 30 s, primer 
annealing at 55 °C for 45 s and primer extension at  72 °C  for 1 min. A final extension 
step was carried out at 72 °C for 7 min and then held at 4 °C. 
 
 
 
 
 22 
 
Molecular and morphological markers 
AFLP markers 
The analyses of identification and measurement of the complex AFLP band patterns was 
conducted by KeyGene N.V. as described by Vos et al (1995). Tetraploid genomic DNA 
was digested with EcoR1 (E) / MseI (M) enzyme combination. The polymorphic PCR 
amplification was generated by seven AFLP primer pairs: E33/M52, E35/M49, 
E35/M54, E33/M54, E33/M57, E35/M53 and E35/M61. One hundred fifty-five 
polymorphic marker amplicons were scored in the tetraploid population. 
 
Microsatellite markers 
Non-fluorescence SSR markers 
The 3 diploid parents with 9 of their progeny and 2 tetraploid parents with 10 of their 
progeny (Figures 1 and 2; Table 3) were initially screened for polymorphisms with 175 
non-labeled SSR markers (75 from INRA, France; 47 from Plant Research International, 
Netherlands; 32 from Clemson University, USA; 21 from University of Hannover, 
Germany) using 2% or 4 % MetaPhor agarose (Lonza Group Ltd, Switzerland) gels at 
180 volts for 90 min. The gel was stained with ethidium bromide and photographed 
under UV light (Figures 1 and 2). 
  
Ninety-nine progeny of the backcross population and the 3 parents were characterized 
with 32 out of 175 SSR markers.  
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Figure 1. PCR products on 4% MetaPhor at annealing temperature 47.5°C with SSRs.  
 
Figure 2. PCR products on 4% MetaPhor at annealing temperature 50°C with SSRs. 
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Table 3.   175 non-fluorescent SSR primers screened for rose mapping. 
Annealing 
temp. 
(oC) 
Primer Polymorphism 
in 
Texas 
population 
(Diploid) 
Polymorphism in 
Israel population 
(Tetraploid) 
Groupx 
                                               
75 French primers (Hibrand-Saint Oyant et al., 2008) 
55 Contig137 Yes Yes 1 
 Contig139 Yes Yes / ? 1 / ? 
 Contig172 Yes No / ? 2 / ? 
 Contig187 Yes No 2 
 Contig29 Yes Yes 1 
 H1_D05 Yes (2%) No 2 
 H1_F03 No No 4 
 H10_B01 Yes Yes 1 
 H10_D03 Yes Yes 1 
 H10_D04 Yes (2%) / ? Yes(2%)  1 / ? 
 H11_B02 No No / ? 4 / ? 
 H14_B02 No No 4 
 H14_D07 No No 4 
 H16_D05 No / ? No / ? 4 / ? 
 H17_C12 B B  
 H18_B02 Yes (2%) No (2%) 2 
 H19_F04 No / ? No / ? 4 / ? 
 H2_C05 Yes Yes 1 
 H2_F12 B B  
 H20_D08 Yes No 2 
 H20_G01 Yes / ? No / ? 2 / ? 
 H22_A02 Yes No / ? 2 / ? 
 H22_C01 Yes / ? No / ? 2 / ? 
 H22_E04 Yes Yes 1 
 H22_F01 No / ? No / ? 4 / ? 
 H23_O17 No  No  4 
 H24_D11 Yes Yes 1 
 H24_F03 No / ? No /? 4 / ? 
 H3_G04 B B  
 H4_F06 No No 4 
 H5_F12 Yes Yes 1 
 H6_G02 Yes No 2 
 H8_H05 ? No  
 H9_B01 Yes Yes 1 
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Table. 3. Continued.  
 
Annealing 
temp. 
(oC) 
Primer Polymorphism 
in 
Texas 
population 
(Diploid) 
Polymorphism in 
Israel population 
(Tetraploid) 
Groupx 
 H9_B07 Yes No 2 
 H9_D03 No No 4 
 Rw4J4 No No 4 
 Rw5G14 Yes Yes 1 
 Rw15D15 Yes Yes 1 
 Rw16E19 Yes Yes 1 
 Rw20I17 Yes No / ? 2 / ? 
 Rw21F9 No No 4 
 Rw22C22 B B?  
 Rw22F14 Yes / ? No 2 / ? 
 Rw23F13 Yes / ? No 2 / ? 
 Rw23F8 No No 4 
 Rw25J16 Yes Yes 1 
 Rw26G3 No Yes 3 
 Rw26H23 B B  
 Rw27B12 B B  
 Rw32K24 Yes B?  
 Rw34L6 Yes Yes 1 
 Rw35C24 Yes Yes / ? 1 / ? 
 Rw37P7 Yes / ? Yes / ? 1 / ? 
 Rw38D11 B B  
 Rw47J14 Yes No / ? 2 / ? 
 Rw53O21 Yes (light) Yes (light) 1 
 Rw55E12 Yes Yes 1 
 Rw59A12 Yes Yes / ? 1 / ? 
 Rw12J12 Yes No / ? 2 / ? 
 Rw19E15B Yes Yes / ? 1 / ? 
 Rw52D4 Yes No  2 
 Rw55C21 Yes Yes 1 
 Rw62D8 Yes No 2 
 Rw54N22 Yes Yes 1 
 BFACT47 Yes  Yes 1 
 CL2002 Yes Yes 1 
 CL2845 Yes Yes 1 
 CL2980 Yes No / ? 2 / ? 
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Table 3. Continued.  
 
Annealing 
temp. 
(oC) 
Primer Polymorphism 
in 
Texas 
population 
(Diploid) 
Polymorphism in 
Israel population 
(Tetraploid) 
Groupx 
 CL2996 Yes Yes 1  
 CL3881 Yes Yes / ? 1 / ? 
 CTG21 Yes Yes 1 
 CTG329 No No 4 
 CTG356 Yes Yes 1 
 CTG623 Yes No 2 
                                               
                                              26 Dutch primers (Esselink et al., 2003) 
55 RhAB22 Yes Yes 1 
 RhB303 Yes Yes 1 
 RhO517 Yes Yes 1 
 RhP519 Yes / ? Yes 1 / ? 
 RhAB15 Yes Yes 1 
 RhM405 Yes No / ? 2 / ? 
 RhEO506 Yes / ? Yes / ? 1 / ? 
 RhD221 Yes Yes 1 
 RhP507 Yes  Yes 1 
 RhD201 Yes / ? Yes 1 / ? 
 RhAB40 Yes Yes 1  
 RhE2b Yes Yes 1 
 RhP518 Yes Yes 1 
 RhAB1 Yes Yes / ? 1 / ? 
 RhAB13 Yes Yes 1  
 RhAB26 Yes (light) Yes (light) 1 
 RhB19 Yes No 2 
 RhBK4 Yes No 2 
 RhD206 Yes Yes 1 
 RhE2a Yes No 2 
 RhE3 Yes Yes 1 
 RhI402 Yes Yes 1 
 RhJ404 Yes Yes 1 
 RhP524 Yes Yes (light) 1 
 pchgms41 No No 4 
 Ch02c11 No No 4 
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Table 3. Continued. 
 
Annealing 
temp. 
(oC) 
Primer Polymorphism 
in 
Texas 
population 
(Diploid) 
Polymorphism in 
Israel population 
(Tetraploid) 
Groupx 
  
32 Clemson Primer (Zhang et al., 2006) 
 
 
47.5 B 6 B 1 Yes / ? Yes 1 / ? 
 RW 10 M 24 Yes Yes 1  
 RW 62 C 4 Yes / ? Yes 1 / ? 
 RW 14 A 5 Yes Yes 1 
50  RW 32 D 19 Yes Yes 1 
 RW 55 C 6 No Yes 3 
 RW 4 E 22 No No 4 
 RW 12 D 5 No No 4 
 RW 18 N 19 Yes Yes 1 
 RW 10 J 19 Yes Yes / ? 1 / ? 
 RW 3 K 19 Yes/  ? Yes 1/  ? 
 RW 11 E 5 Yes Yes 1 
55 B 10 H 3 No No 4 
 RW 3N 19 Yes / ? Yes / ? 1 / ? 
 RW 45 E 24 - -  
 RW 27 A 11 B - -  
 RW 8 B 8 Yes Yes 1 
 RW 14 H 21 Yes Yes 1 
 RW 60 A 16 No No 4 
 RW 29 B 1 Yes Yes 1 
 RW 5 D 11 Yes Yes 1 
 RW 22 B 6  Yes Yes / ? 1 / ? 
 RW 49 N 14 Yes / ? Yes 1 / ? 
 RW 23 H 5 Yes / ? Yes / ? 1 / ? 
57 RW 50 N 23 No No 4 
 RW 55 D 22 No / ? No 4 / ? 
 RW 61 F 2 Yes No / ? 2 / ? 
 RW 1 F 9 No Yes/  ? 3/  ? 
 RW 22 A 3 Yes Yes 1 
 RW 48 N 6 Yes Yes / ? 1 / ? 
 RW 46 O 8 Yes No / ? 2 / ? 
 RW 1717 Yes Yes / ? 1 / ? 
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Table 3. Continued. 
 
Annealing 
temp. 
(oC) 
Primer Polymorphism 
in 
Texas 
population 
(Diploid) 
Polymorphism in 
Israel population 
(Tetraploid) 
Groupx 
 
21 German primers (Biber, et al., 2010 and Spiller et al., 2010) 
55 RMS001 Yes Yes 1 
 RMS003 Yes Yes 1 
 RMS015 Yes Yes 1 
 RMS035 Yes Yes 1 
 RMS037 Yes Yes 1 
 RMS042 Yes Yes 1 
 RMS043 Yes Yes 1 
 RMS045 No Yes 3 
 RMS057 Yes Yes 1 
 RMS060 Yes Yes 1 
 RMS062 Yes Yes 1 
 RMS063 Yes Yes 1 
 RMS066 Yes Yes 1 
 RMS084 Yes Yes 1 
 RMS086 No No 4 
 RMS089 Yes  Yes 1 
 RMS090 Yes (null)? No/ ? 2/ ? 
 RMS094 Yes Yes 1 
 RMS132 Yes Yes 1 
 RMS137 Yes Yes 1 
 RMS146 Yes Yes 1 
 
21 Dutch primers (Yan et al., 2005) 
55 Rh79 Yes Yes 1 
 RhAB9 Yes Yes 1 
 Rh48 Yes Yes 1 
 Rh80 Yes Yes 1 
 Rh96 Yes Yes 1 
 RhB510 Yes Yes 1 
 Rh50 Yes Yes 1 
 Rh58 Yes Yes 1 
 Rh59 Yes Yes 1 
 RhABT12 Yes Yes 1 
 Rh65 Yes Yes 1 
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Table 3. Continued. 
 
Annealing 
temp. 
(oC) 
Primer Polymorphism 
in 
Texas 
population 
(Diploid) 
Polymorphism in 
Israel population 
(Tetraploid) 
Groupx 
 Rh78 Yes Yes 1 
 Rh77 Yes Yes 1 
 Rh93 Yes Yes 1 
 RhAB38 Yes Yes 1 
 Rh60 Yes ? ? 
 Rh85 Yes ? ? 
 Rh98 Yes Yes 1 
 Rh72 Yes Yes 1 
 Rh73 Yes Yes 1 
 RhAB28 Yes Yes 1 
 
X: group 1: polymorphisms between Texas and Israel populations; group 2: 
polymorphism only in Texas population; group 3: polymorphism only in Israel 
population; group 4: no polymorphisms between Texas or Israel populations. 
B: Blank, no PCR products. -: missing data. ?: doubtful data. Screening on  
4% Agarose gel except where noted. 
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Fluorescence SSR markers 
The five parents, ‘Basye’s Thornless’, ‘Old Blush’, ‘WOB26’, ‘Fragrant Cloud’ and 
‘Golden Gate’ of the two populations were characterized with 100 fluorescently labeled 
SSR primers (HEX, FAM, TET and NED) (Table 4). Seventy-eight out of 100 labeled 
SSR primers were run for the 99 diploid progeny and the 131 tetraploid progeny to 
generate the data for map construction (the examples of the labeled DNA peaks were 
given in the results section). 
 
Morphological markers  
Four morphological traits: stem prickles, bloom type (recurrent/non recurrent), flower 
type (single/double), flower color (white/pink) and black spot resistance were scored on 
the WOB population. 
 
Electrophoresis 
Metaphor gel electrophoresis  
Metaphor gel electrophoresis was used for polymorphism screening of SSRs and 
analysis of marker inheritance. 
 
 According to the marker segregations by Yan (2005), the inheritance of markers were 
divided by two types, uni-parental and bi-parental markers. Fifteen SSRs were given the 
examples for the diploid population in the results section.   
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 Table 4. One hundred labeled primers for DNA sizes of 5 parents. DNA sizes were double confirmed by their progeny    with 
primer number 1 to 78 listed in the table. 
 
No Set Primer name Labeled Wichurana Old Blush WOB26 Fragrant Cloud Golden Gate
1 1 H5_F12 HEX 132 132,138 132 138 138,143
2 1 RhAB22 FAM 154,160 156,183 154,156 156,162 162,168
3 1 RhI402 FAM 207 210,216 207,210 197,210 210,216
4 1 Contig137 HEX 328,330 324,330 330 313,330,334 324,328,334,338
5 2 RW15D15 FAM 160,166 206 166,206 189 189,206
6 2 CL2845 FAM 301,304 295 295,301 295,304 292,295
7 2 RW14H21 HEX 137,145 118,122 118,137 118,122,126,128 116,118
8 2 H2_C05 HEX 222,231 215,228 228,231 215,228,234 228,234
9 3 H10_B01 FAM 203,204 203,225 204,225 199,203,212 203,225
10 3 RhP524 FAM 113 125 125 116,125 125,209
11 3 RW14A5 HEX 124 90 124 90 123
12 3 RhAB13 HEX 168,170 135 135,170 134,149 149
13 4 RW34L6 HEX 209,217 187,215 215,217 184,202,226 184,202,226
14 4 RhP518 FAM 140 140,163 140 163 140,163
15 4 RW29B1 HEX 353,355 342,349 342,355 342,349,363 342,349,363
16 4 Contig139 FAM 236,240 242,244,292 236,244,292 236,240,242,294 236,240,292
17 5 H9_B01 FAM 211,214,220,232 214,217,222,232 211,214,222,232 211214217222229 (234) 217,229,234
18 5 RhE2b HEX 185 166,179 166,185 166,176,185 166,179
19 5 Rh50 FAM 312,318 303,332 312,332 302,332 302
20 5 Rh93 HEX 245 239,268 239,245 268 238,268
21 6 RW5G14 HEX 233 249,251 233,249 232,237,249,251 232,251
22 6 Rh98 FAM 141,143 143,157,163,218 141,143,163 147,157,(163),218 143,163,223
23 6 RhO517 FAM 262 259,265 259,262 257,258 257,262,265
24 6 RhAB15 HEX 104,114 112,137 104,112 124,130,137 112,127,137
25 7 CTG21 FAM 121,128 121,134 121(134) 122,131,134 122,134
26 7 RW11E5 HEX 150,164,172,177 168,172 150,164,172 152,164,168,172 152,157,164,168,172
27 7 RhD201 FAM 198,205 198,200? 198,200 193 193,201,237
28 7 RW10M24 TET 258,260 250,267 258,267 250,270,278,281 250,267,270
29 8 RW8B8 FAM 139,141,143,153 113,131,135 113,135,141,143 129,131,135,143 135,143,153
30 8 RhP519 FAM 231 238 231,238 234,238 228,231,234
31 8 RhE3 HEX 165,169,172,175 160,181 165,175,181 169,170,172,177,181 169,170,172,177,181,000
32 8 RW10J19 TET 242,261,362,365 253,259,340,365 259,261,362,365 259,283,365 251,259,357,365
33 9 H22_E04 FAM 236 236,243 236 236,239,245 236,240,242
34 9 CL2996 FAM 173,179 179,188 179,188 176,179,185,188 179,185
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Table 4. Continued. 
 
No Set Primer name Labeled Wichurana Old Blush WOB26 Fragrant Cloud Golden Gate
35 9 RhJ404 HEX 126,135,161 123,129 126,129,135 123,129,160 126,129,146
36 9 RW18N19 TET 212,216 216,221,224 212,216,221 216,221,224,227 214,216,221,224
37 10 RhB303 HEX 119 121,146 119,121 125,129,146 119,121,129
38 10 RW5D11 HEX 246,253 236,242 236,246 222,236,244 226,242,255
39 10 RhAB9 FAM 98 95,114 95,98 103,112 95,109
40 20 RhABT12 FAM 162,202 151,165 151,202 151,165,174 174
41 11 RW62C4 HEX 350 321 321,350 321 NA
42 11 RW3K19 FAM 437 435,436 436,437 423,431,435 431,435
43 11 RW22A3 HEX 144,149 142,149 142,144,149 139,144,149 139,142,149
44 11 RhAB26 FAM 176,203 165,241 203,241 170,207,241 207,241,276
45 12 RW22B6 FAM 139,154 131,133 133,154 119,133 119,133
46 12 RW32D19 TET 510,538 510 510,538 497,510,518 497,510
47 12 RhD206 HEX 208 188,196 196,208 188,217,325 188,217
48 12 RW19E15B FAM 247 247,253 247,253 238,249,253 249,251
49 13 RMS001 HEX 229,235,241 222,227,231,235 227,229,231,235,241 227,231,235,243 235,236,243
50 13 RMS015 HEX 173 154,172 154,173 132,162 132,162
51 13 RMS063 FAM 92 83,86 83 83,86 86
52 13 RMS066 FAM 194 197,201 194,201 183,201 198(201 ??)
53 14 CL3881 FAM 245 237,239 237,245 230,240 230,240
54 14 RMS003 HEX 159,164 151,171 164,171 145,148,171 143,145
55 14 RMS043 HEX 205,213 205,214 205 205,220 220,227
56 14 RMS090 FAM 198 190,null? 190,198 N/A N/A
57 15 Rh48 FAM 106 97 97,106 136,145 90,136,145
58 15 RW53O21 HEX 166,172 156 156,166 156,159,166 156,159
59 15 Contig29 FAM 235 195,235 235 194196(233235) 196204(233235)
60 15 RW35C24 NED 248 245,258 248,258 245,258 245,258
61 16 Contig172 FAM 144 144,149 144 144,149 144,149
62 16 RW55E12 HEX 168,179 165,181 168,181 165,184 162,184
63 16 Rms137 FAM 228,232 222,224 222,228 212,214,224 212,228
64 16 Rh58 NED 259,280 247,289 247,280 240,247,263,289 289
65 17 BFACT47 NED 144,146 144,148 144 144,145,148 144,145,148
66 17 RMS094 FAM 161,164 156,161 156,161 161,168 159,161,168
67 17 CL2002 HEX 187,227 195 187,195 195 195,197
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Table 4. Continued.  
 
No Set Primer name Labeled Wichurana Old Blush WOB26 Fragrant Cloud Golden Gate
68 17 H10_D03 FAM 235,241 222,233 222,241 216,222,225 208,216,222,235
69 18 RMS089 FAM 154 165 154 160,165 160,163,165
70 18 RW25J16 HEX 171,183 175,196 183,196 175 175,196
71 18 Rh78 FAM 201,379 211,288 201,211 211,288 211,288,322
72 18 RhD221 NED 227 221,227 221,227 221,227 221,227,270
73 19 RhAB38 FAM 157,167 141 141,167 123,141 141,163
74 19 RMS132 FAM 177,205 183,193 177,193 170,178,183 170,183
75 19 RW54N22 HEX 215,222 215 215,222 215,222
76 19 RW59A12 NED 215,224 213,225 213,224 213,219,247 213,247
77 20 RMS062 HEX 154,167,173 157165(174) 154,157 157,158,165 165,173,189
78 20 RhEO506 FAM 235,241 226,229 229,235 208,226,229 208,223,226,229
79  RMS057  158,165 173,177 158,173 161,171,173 161,171
80  CTG623  229,266 218,229,256
81  RMS060  143,196 196 143,198,212 198,212
82  CL2980  225,228 222 222,228 222,261?
83  RMS146  172,184 166,175 166,172 166,175,190 164,190
84  RW55C21  204 217,234 204,217 217,224,236 217,231,234,237
85  RMS084  182,184,193,206,220 174 174,182,193,220 110,174,176 174,176,184,187
86  RMS042  173,196 175,242 173,175 180,(242) 148,242
87  RMS045  187,195 232 232 201 187,232
88  RMS035  195 188,193,196 193,195,196 188,193,202,219,226 188,196,207,209,228
89  RMS037  197,199 199,200 199 191,199,225 195,199,225
90  RhAB40  190,212 231,233 190,233 (231),233,(235),238 207,222,238
91  RhP507  86,159 92,159 92,159 159,182,214 182
92  CTG356  148,191 169,208 148,169 159,166,169 153,159,166,193,208,000
93  H24_D11  161,225,228 158,167,223 161,167,223,228 158,167 167,223
94  RW16E19  202 204
95  RW12J12  167 144,170 144,167 170 170
96  RW1F9  298 NA 298 NA NA
97  RW55C6  268 268 268 259,268 259,268,274
98  RW3N19  123,125,330 330 330 330 330
99  Rh72  261 250,259 259 No signal 250,259
100  RMS086  126,130 148 148 148 148
 
 
 34 
 
Capillary electrophoresis 
One hundred fluorescently labeled SSR-primer PCR products were initially analyzed for 
the sizes with 5 parents.  Twenty sets of 4 primer pairs were designed based on the use 
of two green (HEX and TET), two blue (FAM) and/or one blue and one black (NED) 
labels. In addition for similarly labeled primers, the DNA sizes of PCR products had non 
overlapping sizes. Every set of multiplex fluorescently labeled (HEX, TET, FAM or 
NED) PCR products (2 µL) generated from various SSR primer sets  were added to 8.5 
µL Hi-Di Formamide and 0.5 µL ROX400. This mixture was run through the capillary 
sequencer, ABI 3100 (Life Technologies Corporation, Carlsbad, CA). However, before 
DNA samples were run through ABI 3100, they were all tested by Metaphor gel 
electrophoresis to confirm the presence and concentration of the PCR products. The 78 
labeled SSR primers were run using the capillary sequencer procedure (Figure 3) for all 
progeny (99 diploid progeny and 131 tetraploid progeny) and in their 5 parents in two 
populations (Table 4).  
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Figure 3. The procedure of capillary electrophoresis. 
 
  
 36 
 
Fragment data analysis 
The DNA peaks (sizes) separated on ABI 3100 were analyzed with the GeneScan and 
Genotyper software (Life Technologies Corporation, Carlsbad, CA). 
 
 GeneScan 
Sample mixtures (DNA, fluorescently labeled PCR products, Hi-Di Formamide and 
ROX400) were processed by the genetic analyzer, ABI3100, which generates the sample 
files (.fsa ). These .fsa files are then analyzed by the GeneScan software program that 
converts raw data to analyzed data which can be identified and read by Genotyper 
through the application of a size standard, ROX 400, a matrix file (fluorescently color 
separation) and specific parameter settings including analysis range and peak detection. 
 
Genotyper 
The Genotyper software converts GeneScan sized peaks into genotypes calls to provide 
defined results. First of all, through Genotyper, four categories were defined for the 
boundaries of the allele size range of 4 fluorescently labeled markers in a DNA sample. 
After categories were created, the categories also could be sorted by fluorescent dye 
color. Second, GeneScan data was imported to Genotyper document. Third, the allele 
peaks of each marker were labeled and unwanted labels were filtered. Four, the allele 
table was created, of which contents includes file name, sample information, category 
name, two columns for each allele in diploids, and an overflow column if more than two 
peaks occurred. Final, the table was saved as a Microsoft Excel form and exported from 
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Genotyper.  More information is in the manual on the website and the link: 
http://www.nfstc.org/pdi/Subject06/pdi_s06_m01_03.htm. 
 
Segregation analysis  
MS-Excel 
 The table exported to Excel from Genotyper was used to transform data from allele size 
(bp) to JoinMap standard codes. 
 
Diploid  
The segregation patterns of marker alleles observed in the backcross mapping population 
( OBxWOB26) were tested for the goodness of fit (χ2  at α=0.01) with the theoretical 
expected ratios 1:1,abxaa or aaxab, code lmxll or nnxnp in JoinMap; 3:1, abxab, code 
hkxhk in JoinMap; 1:2:1, abxab, code hkxhk in JoinMap and 1:1:1:1, abxac, code efxeg 
in JoinMap. 
 
Tetraploid  
Single-dose restriction fragment (SDRF) method (Wu et al., 1992) was used to analyze 
the segregation patterns (presence vs absence) for tetraploid population. Chi-square (χ2) 
goodness-fit of test was calculated for the theoretical expected ratio of either 1:1, lmxll 
or nnxnp in JoinMap for the marker loci polymorphic between parents or 1:3, hkxhk in 
JoinMap for the marker loci shared between parents based on the segregation bands of 
marker alleles. The parental genotypes of marker loci in an autotetraploid are simplex (a-
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--) by nulliplex  (----)  and simplex (a---) by simplex (a---) when segregating to  1:1 and 
1:3, respectively, whereas in the case of allotetraploid, the genotypes will be 
heterozygous (a-) by homozygous (-- ) and heterozygous (a-) by heterozygous (a-) when 
segregating to 1:1 and 1:3, respectively, which is as in the diploid case ( Barcaccia et al., 
2003).  
 
Mode of inheritance 
In order to study the mode of inheritance, the ratio of coupling to repulsion linkage 
phase obtained from JoinMap was calculated for the goodness of fit (χ2  at α=0.05) with 
the theoretical expected ratios 1:1 for allopolyploids as well as 1:0.25 for autotetraploids 
(Wu et al., 1992). 
 
Linkage map construction 
JoinMap 4 software (import from Excel) and MapChart 2.2 
Pseudo-testcross strategy was used to develop the linkage maps for WOB26 diploid and 
GGFC tetraploid populations. Cross pollinators (CP) of population type codes in 
JoinMap 4 (van Ooijen 2006) is a population originating from a cross between a 
heterozygous (ab) and a homozygous (aa or bb) diploid parent with their linkage phases 
originally unknown.  Marker alleles generated from each parent were scored according 
to the segregation type coding system using, efxeg, hkxhk, lmxll,and nnxnp within 
JoinMap 4. Chi-square (X2) test of goodness-of-fit was used to check the segregation 
distortion. The maps were constructed with a REC = 0.4 and  LOD (logarithm of the 
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odds) score of greater than 3 which is a reasonable value for the jump threshold between 
3.0 and 5.0 (JoinMap 4 manual, van Ooijen, 2006). Mapping function selected was 
Kosambi’s function. There were 107 SSR loci and 5 morphological trait markers with 99 
diploid progeny, as well as 346 loci comprising 191 SSR and 155 AFLP amplicons with 
131 tetrapoid progeny in the software calculation of genetic linkage maps. JoinMap text 
data of the linkage map could be imported and then revised in the software MapChart 
2.2 (Voorrips, 2002).  
 40 
 
CHAPTER III 
RESULTS 
 
Polymorphism screening of the 175 SSR markers 
Gel electrophoresis  
 Nine selected diploid progeny, three diploid parents and two tetraploid parents were 
screened for polymorphism with 175 non-labeled SSR markers.  One hundred and eight 
(61.7%) of the markers were polymorphic among the progeny and parents of both 
populations, whereas 26 (14.9%) were polymorphic in the Texas diploid population but 
not in the Israel tetraploid population. Four markers (2.3%) were polymorphic in the 
Israel but not in the Texas population. Only 24 (13.7%) markers were not polymorphic 
in either population (Table 3). The remaining 13 (7.4%) markers were non-scorable in 
either populations with either 2% and 4% MetaPhor agarose gel.  
 
Upon characterizing 99 progeny and the 3 parents of diploid population with 32 non-
labeled markers on MetaPhor agarose gels, problems were encountered with shadow 
bands and a lack of resolution (Figures 4, 5 and 6). To remedy these issues, the selected 
100 polymorphic markers were run using fluorescently labeled primers and capillary 
electrophoresis. 
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Figure 4. Marker RhD206 amplified one locus with three alleles from two parents and 
produced four-genotype progeny showed on the 4% Metaphor agarose gel (180-200Volt 
for 60-90 minutes). 
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Figure 5. Marker RhAB 15 amplified one locus with three alleles from two parents and 
produced four-genotype progeny showed on the 4% Metaphor agarose gel.  
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Figure 6. Marker CL2002 amplified one locus with two alleles from two parents and 
produced two-genotype progeny showed on the 4% Metaphor agarose gel. 
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Capillary electrophoresis 
After characterizing the 5 parents from two populations for the 100 polymorphic SSRs 
(Table 4), 78 markers were selected to run with the 99 diploid progeny (Figures7 and 8) 
and the 131 tetraploid progeny (Figure 9) to analyze the segregation ratios using DNA 
sizes / peaks and subsequently to construct the linkage maps.  From the 78 markers, 69 
markers generated 107 loci which were ultimately assigned to seven linkage groups on 
the map, The segregation of 9 out of 78 markers were not useable and therefore, deleted 
from the dataset. Among the 69 SSR markers, 29 uni-parental markers and 40 bi-
parental markers (the examples of 15 SSRs were given in Table 5) were used for the 
development of the female, male and integrated population diploid rose maps using 
JoinMap 4. 
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Figure 7. Marker RhABT12 amplified one locus with three alleles from two parents and 
produced four-genotype progeny analyzed by ABI3100 and Genotyper 3.7. 
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Figure 8. Marker CTG21 amplified one locus with two alleles from two parents and 
produced two-genotype progeny analyzed by ABI3100 and Genotyper 3.7. 
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Figure 9. Marker RhABT12 (blue FAX labeled), RhD221 (Black NED labeled) and 
RW5D11(green HEX labeled) with tetraploid progeny analyzed by ABI3100 and 
Genotyper 3.7. 
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Figure 9. Continued. 
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Figure 9. Continued.
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Table 5. 15 SSR markers for DNA sizes (base pairs) and segregation types of the three parents of the diploid mapping 
population by the analysis of the DNA bands on the MetaPhor agarose gel and the DNA peaks from ABI 3100. 
 
SSR marker 
Basye’s 
Thornless Old Blush WOB26 Segregation Progeny genotype 
 
 
Uni or bi-parental marker 
RhAB15 104,114 112,137 104,112 <abxac> aa, ac, ab, bc Bi-parental marker 
RhD206 208 188,196 196,208 <abxbc> ab, ac, bb, bc Bi-parental marker 
RhABT12 162,202 151,165 151,202 <abxac> aa, ac, ab, bc Bi-parental marker 
CL2996 173,179 179,188 179,188 <abxab> aa, ab, bb Bi-parental marker 
RMS094 161,164 156,161 156,161 <abxab> aa, ab, bb Bi-parental marker 
RhD221 227 221,227 221,227 <abxab> aa, ab, bb Bi-parental marker 
RhAB22 154,160 156,183 154,156 <abxac> aa, ac, ab, bc Bi-parental marker 
RW34L6 209,217 187,215 215,217 <abxbc> ab, ac, bb, bc Bi-parental marker 
RhB303 119 121,146 119,121 <abxac> aa, ac, ab, bc Bi-parental marker 
CL2002 187,227 195 187,195 <aaxab> aa, ab Uni-parental marker 
RhAB38 157,167 141 141,167 <aaxab> aa, ab Uni-parental marker 
RW53O21 166,172 156 156,166 <aaxab> aa, ab Uni-parental marker 
RW54N22  215,222 215 <abxaa> aa, ab Uni-parental marker 
Contig137 328,330 324,330 330 <abxbb> ab, bb Uni-parental marker 
CTG21 121,128 121,134 121 <abxaa> aa, ab Uni-parental marker 
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Segregation analysis and marker inheritance  
Segregation ratios in diploids 
The segregation patterns of marker alleles observed in the backcross mapping population 
(OBxWOB26) were tested for the goodness of fit (χ2  at α=0.01) with the theoretical 
expected ratios 1:1 (abxaa or aaxab), 3:1 (abxab and dominant), 1:2:1 (abxab and co-
dominant)  and 1:1:1:1 (abxac). In this diploid mapping population, the 69 SSRs markers 
represented 107 marker loci and 241 polymorphic amplicons. Of these 45, 26 and 36 
marker loci were expected to segregate in a 1:1 ratio, 3:1 or 1:2:1 ratio, or a 1:1:1:1 ratio 
respectively. Of these only 23, 12, and 10 of the loci had the expected ratios. Thus only 
47 of the 107 loci had the expected segregation: a 58% segregation distortion rate.  Of 
the 3 mapped morphological traits, flower type (Blfo locus) and stem prickles (prickles 
locus) had distorted segregation whereas bloom type (RB locus) did not. All three of 
these traits map to linkage group three.  
 
Segregation ratios in tetraploids 
The construction of a genetic linkage map of a tetraploid with molecular markers is more 
difficult than with a diploid because of the greater number of genotypes produced in a 
tetraploid segregating population (Table 6), as well as the varying pattern of inheritance: 
disomic, tetrasomic or a combination in the tetraploids.  To date, on the polyploid level, 
most researchers analyze the segregation of each fragment from markers based on its 
presence or absence in the progeny. This fragment that segregates in a single-dose (one 
allele) ratio (1:1) in the gametes of a heterozygous parent is called the single-dose 
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restriction fragment (SDRF) (Wu et al., 1992) while the marker is referred as a single-
dose marker (SDM) (Barcaccia et al., 2003). 
 
Table 6. Allelic composition per SSR locus in 5 parents of the OBxWOB26 
diploid and GGFC tetraploid rose populations. 
 
 
Population 
Parents 
                        
                       Diploid 
  BTh a          OBa            WOB26a 
Alleles per Locus Number of SSRb Markers 
A1A1 or aa 32 18 19 
A1A2 or ab 53c 69c 64c 
≥2 Loci 11 9 14 
Ambiguous bands 4 4 3 
 
Population 
Parents 
                   
                     Tetraploid 
  GGa                          FCa                      
 
Alleles per Locus Number of SSRb Markers 
Nulliplex  A1A1A1A1 or aaaa 10 15  
Simplex A1A1A1A2 or aaab 44 26  
Diallelic duplex A1A1A2A2 or aabb 
Trigenic A1A1A2A3 or aabc  27 38  
Tetragenic A1A2A3A4 or abcd    7 10  
≥2 Loci  or > 4 bands    4   3     
Ambiguous bands    8   8     
 
a : BTh stands for  parent ‘Basye’s Thornless’, OB for ‘Old Blush’, WOB26 for F1 hybrid of BTh 
and OB, GG for ‘Golden Gate’ and  FC for ‘Fragrant Cloud’. 
b: SSR is representive for simple sequence repeat 
c: Marker Rw14A5 and RMS089 include one null allele for each. 
 
 
Chi-square (χ2) goodness-fit of test was calculated for the theoretical expected ratio of 
either 1:1 for the marker loci polymorphic between parents or 1:3 for the marker loci 
shared between parents based on the segregation patterns (presence vs absence) of 
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marker alleles observed in the tetraploid full-sib mapping population. The parental 
genotypes of a marker loci in an autotetraploid are simplex (a---) by nulliplex  (----)  and 
simplex (a---) by simplex (a---) when segregating to  1:1 and 1:3, respectively, whereas 
in the case of allotetraploid, the genotypes will be heterozygous (a-) by homozygous (-- ) 
and heterozygous (a-) by heterozygous (a-) when segregating to 1:1 and 1:3, 
respectively, which is as in the diploid case ( Barcaccia et al, 2003). However, the 
segregation ratios of 1:1 and 1:3 are only in the allotetraploid or autotetraploid condition 
with single-dose markers (SDMs) (Table 7).  
 
The segregation patterns in an allotetraploid (aa) or an autotetraploid (aa--) with double-
dose markers (DDMs) are different (Table 8). With DDMs, an allotetraploid with 
disomic inheritance will have ratios of 3:1 7:1 and 15:1 whereas an autotetraploid with 
tetrasomic inheritance would have the segregation ratios of 5:1, 11:1, and 35:1. The 
numbers of DDM loci fitted the expected segregation ratio in disomic inheritance (3:1 
and 7:1 ) to tetrasomic inheritance (5:1)  were 12 (11+1) to 16, and the numbers of SDM  
loci fitted the expected segregation ratio in either disomic or tetrasomic inheritance (1:1 
and 3:1) were 202 (164 and 38). In addition, 13 marker loci were indistinguishable 
between ratios 3:1 (SDM) and 7:1 (DDM) (Table 8). Using the 28 DDM loci, the 
inheritance mode showed a combination of disomic and tetrasomic trending towards 
tetrasomic. In the tetraploid population the distortion rate was reduced from 38% to 8% 
if the segregation ratios calculated based on DDMs although 73% of them are 
indistinguishable among segregation ratios (Table 8). 
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Table 7. Segregation ratios of the polymorphic amplicons from 69 SSR markers and 5 morphological traits in diploid 
(OBxWO26) rose mapping population as well as from 191 SSR and 155 AFLP loci of SDMs (single dose markers) in 
tetraploid (GGxFC) rose mapping population. 
 
                                                                                          Diploid (OBxWOB26) 
 
 
Marker 
  
                          Segregation Ratio, observed/ fitted, P>0.01 
  
 Polymorphic 
Amplicons  
 
1:1 
(abxaa) b 
1:1 
(aaxab) b 
3:1 
(abxab) b 
1:2:1 
(abxab) b 
1:1:1:1 
(abxac) b 
Total 
(loci) 
X2 not 
significant 
(α=0.01) 
Distortion 
Rate 
SSR marker 241a 18g/12g 27/11 22/12 4/0 36/10 107 45 58% 
Morphologic
al trait 
10 
(phenotypes) 
2/0 3/2 0 0 0 5 2 
                                                                                        Tetraploid (GGxFC) 
 
 
Marker 
  
Segregation Ratio (SDRF Analysisc, Wu,1992), observed/  fitted, P>0.01 
  
 Polymorphic 
amplicons  
 
1:1 d 
(SfxNf) e 
1:1 d 
(NxS) e 
3:1 d 
(SxS) e 
Total 
(loci) 
X2 not 
significant 
(α=0.01) 
Distortion 
Rate 
SSR marker 256  68/53 58/36 65/28 191    117 38% 
 AFLP marker 203 65/45 42/30 48/23 155 98 
 
a Marker RW14A5 includes one null allele.  
b abxaa and aaxab  are uni-parental markers; abxab and abxac are bi-parental markers. 
c SDRF analysis is to analyze  the single dose restriction fragment based on its presence or absence among the population progeny (Wu et 
al., 1992).   
d Expected segregation ratio belongs to disomic or tetrasomic inheritance using single dose marker analysis. 
e SxN  and NxS are uni-parental markers; SxS is bi-prental marker. 
f N is for nulliplex (-- or ----) ; S is for simplex (a- or a---).  
g Left number represents the number of loci evaluated for the expected segregation ratio, and right number is the number of loci that fit 
the expected segregation ratio. 
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Table 8.  Segregation ratios of the polymorphic amplicons from 69 SSR  markers and 5 morphological traits in diploid (OBxWO26) rose mapping population as well as 
from 191 SSR and 155 AFLP loci of SDMs (single dose markers) and DDMs (double dose markers) in tetraploid (GGxFC) rose mapping  population. 
 
                                                                                                  Diploid 
              
 
Marker 
  
                          Segregation ratio, observed/ fitted, P>0.01 
  
 Polymorphic 
amplicons  
(OBxWOB26) 
1:1 
(abxaa)b 
1:1 
(aaxab)b 
3:1 
(abxab)b 
1:2:1 
(abxab)b 
1:1:1:1 
(abxac)b 
Total 
loci 
/Trait 
X2 not 
significant 
(α=0.01) 
Distortion 
rate 
SSR marker 241a 18m/12m 27/11 22/12 4/0 36/10 107 45  
58% Morphological trait 10 (phenotypes) 2/0 3/2 0 0 0 5 2 
                                                                                                                                       Tetraploid  
 
 
Marker 
  
                                                          Segregation ratio (SDRF analysisc, Wu,1992), fitted, P>0.01 
  
 Polymor-
phic 
amplicons  
(GGxFC) 
1:1 d 
(SjxNj)g 
1:1 d 
(NxS)
h  
3:1 e 
(DjxN)
g 
3:1 e 
(NxD)
h 
5:1 f 
(DxN)
g 
5:1 f 
(NxD)
h  
3:1 d 
(SxS)
i  
 
7:1 e 
(SxD) 
or 
(DxS) i  
11:1 f 
(SxD) 
or 
(DxS) i 
15:1 e 
(DxD) 
i  
35:1 f 
(DxD) 
i   
Total 
loci 
X2 not 
significant 
(α=0.01) 
Distortion 
rate 
SSR 
marker 
256  53 36 4 3 5 3 23 *k * * * 191 178l  
8% 
AFLP 
marker 
203 45 30 2 2 6 2 15 1 * * * 155 141l 
 
a Marker RW14A5 includes one null allele.  
b abxaa and aaxab  are uni-parental markers; abxab and abxac are bi-parental markers. 
c SDRF analysis is to analyze the single dose restriction fragment based on its presence or absence among the population progeny (Wu et al., 1992).   
d Expected segregation ratio belongs to disomic or tetrasomic inheritance. 
e Expected segregation ratio belongs to disomic inheritance. 
f Expected segregation ratio belongs to tetrasomic inheritance. 
g Uni-parental markers including 68 SSR and 65 AFLP loci were calculated for the segregation ratio fitted the expected ratio by chi-square test.  
h Uni-parental markers including 58 SSR and 42 AFLP loci were calculated for the segregation ratio fitted the expected ratio by chi-square test. 
i Bi-parental markers including 65 SSRs and 48 AFLP loci were calculated for the segregation ratio fitted the expected ratio by chi-square test. 
j N is for nulliplex (-- or ----) ; S is for simplex (a- or a---) ; D is for duplex (aa or aa--).  
k Total 55 SSR and AFLP loci were not significantly different  between at least two out of four segregation ratios (7:1, 11:1. 15:1 and 35:1). 
l The numbers includes 21 SSR and AFLP loci which were not significantly different between ratio 3:1(DDM) and 5:1 (DDM), 12 SSR and AFLP loci which were not 
significantly different between ratio 3:1 (SDM) and 7:1, 1 SSR and AFLP loci which were not significantly different among ratio 3:1 (SDM), 7:1 and 11 :1, and 55 SSR 
and AFLP loci were not significantly different between at least two out of four segregation ratios (7:1, 11:1. 15:1 and 35:1). 
m Left number represents the number of loci evaluated for the expected segregation ratio, and right number is the number of loci that fit the expected segregation ratio. 
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Linkage phase and chromosome pairing analysis  
 
To measure the preferential chromosome pairing among chromosomes in each linkage 
group, the observed ratio of SDRF pairs linked in repulsion versus coupling phases is 
expected to be 1:1 for allopolyploids and is 0.25:1 for autopolyploids (Wu et al., 1992).  
JoinMap 4 calculated the linkage phases of coupling and repulsion of the pairs of loci 
and then the hypothesis of preferential pairing was tested. Of the tetraploid linkage 
groups, 5 out of the 7 parental ‘Fragrant Cloud’ (FC) linkage groups and none of the 
parental ‘Golden Gate’ (GG) linkage did not differ from the  1:1 ratio with Chi-square 
(χ2) goodness-fit of test (χ2≤3.881, df=1 and α=0.05) calculated by Excel. In contrast, 
when the hypothesis ratio of 1:0.25 was tested, four and three linkage groups rejected the 
hypothesis in the FC and GG maps, respectively (Table 9). As a result of the analysis for 
preferential chromosome pairing, the tetraploid population showed both disomic and 
tetrasomic inheritance indicating both allotetraploid and autotetraploid origin of the 
tetraploid rose.  
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Table 9. Linkage phase of marker loci belonging to ‘Fragrant Cloud’ and ‘Golden Gate’ 
in the tetraploid population. 
 
Parent 
Linkage 
group 
Linkage 
phase 
Linkage 
phase Allotetraploid Autotetraploid 
chromosome coupling repulsion 1:1 1:0.25 
FC  1  5  9  1.14  ns  17.16  *** 
2  18  11  1.69  ns 5.83  * 
3  5  4  0.11  ns  3.36  ns 
4  10  11  0.05  ns 13.76  *** 
5  11  3  4.57  *  0.02  ns 
6  11  11  0.00  ns  12.38  *** 
7  16  5  5.76  *  0.19  ns 
GG     
1  8  12  0.80  ns  20.00  *** 
2  8  2  3.60  ns  0.00  ns 
3  4  5  0.11  ns  7.11  ** 
4  11  4  3.27  ns  0.42  ns 
5  6  1  3.57  ns  0.14  ns 
6  9  8  0.06  ns  7.78  ** 
7  7  4  0.82  ns  1.84  ns 
 
Chi-square (χ2) goodness-fit of test (χ2≤3.881, df=1 and α=0.05) was performed to test  
1:1 ratio coupling : repulsion  and 1:0.25 ratio coupling : repulsion for 7 linkage groups 
each in two tetraploid parents, respectively. 
 
ns : not significantly different from expected ratio; *, **, ***: significantly different 
from expected ratio at the 0.05, 0.01 and 0.001 levels. 
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Linkage map construction 
Diploid map  
The maternal and paternal population node were created using JoinMap 4 by selecting 
the following parameters: CP population, 107 SSR loci,  5 morphological traits and 99 
diploid progeny. Seven linkage groups were obtained from grouping trees of both 
maternal and paternal population nodes with a minimum LOD score of 4.0 and 3.0, 
respectively. The maximum REC (recombination) was 0.4. The female (OB) map 
included 58 SSR loci spanning on a length of 356.9 cM and the male (WOB26) map 
contained 60 SSR loci along a length of 274.8cM. Therefore, the average distance 
between two loci on the OB map was larger than the WOB26 map. This was caused by 9 
large gaps (>15cM) on the OB map compared to 3 large gaps on the WOB26 map. The 
sum of the seven largest gaps from each linkage group was 139.6 cM on OB map 
compared to 95.5 cM on WOB26 map.  
 
Only 3 of 5 morphological trait markers were mapped. All three (stem prickles, flower 
type (Blfo) and recurrent blooming (RB) traits mapped to linkage group 3 as previously 
reported (Linde et al., 2006; Spiller et al., 2010; Hibrant-Saint Oyant et al., 2008).  
 
Instead of joining female and male maps, a population node was also created using 
JoinMap 4 by employing the following options: a CP population, 107 SSR loci and 5 
morphological trait markers with 99 diploid progeny.  Six linkage groups were obtained 
from grouping tree of population node with a LOD score of 6.0 and maximum REC = 
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0.4. One of the six linkage groups finally was separated into two linkage groups after 
excluding a set of inefficient markers.  Ultimately the seven linkage groups of the 
diploid population map were constructed with 96 SSRs and 3 morphological trait 
markers. These markers (80%) corresponded well with the linkage groups, LG1 to LG7, 
of the integrated consensus map (ICM) developed from four diploid rose genetic linkage 
maps (Spiller et al., 2010).  All 3 morphological traits were mapped on the chromosome 
3 of diploid population map. Moreover, among 69 SSRs, 5 markers, RhJ404, H9_B01, 
RW11E5, RW8B8 and RhE3, were mapped to two or more loci each on different 
chromosomes. RhJ404, Rw11E5, Rw8B8 were assigned to two loci on the chromosome 
2 and 4, chromosome 3 and 6, and chromosome 5 and 7, respectively. H9_B01 was 
assigned to three loci on the chromosome 1, 2, and 7 and RhE3 was assigned to four loci 
on the chromosome 1, 4, 5, and 7 on the population map (Figure 10). 
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Figure 10.  Diploid map for ‘Old Blush’ and WOB26 with their integrated map 
(population map) for 7 linkage groups (Chr1 to Chr7). 
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Figure 10. Continued. 
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Figure 10. Continued. 
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Figure 10. Continued. 
 
                                  
 
 
 
 
 
 
 
 
  
 
 
RhJ404-1_OB0.0
RhD221_Chr42.5
RhABT12_Chr46.4
RW55E12_Chr410.6
contig139-2_OB11.0
Rh78_Chr417.6
CL3881_Chr419.1
OB_Chr4
RhJ404_Chr40.0
RhD221_Chr41.3
RhE3_Chr42.5
RhJ404-3_OB&WOB264.3
RhJ404-1_OB4.6
RW62C4-1_WOB2610.5
RW62C4-2_OB&WOB2611.1
RWAB13_Chr411.3
RhABT12_Chr411.5
RWAB13-2_OB&WOB2611.6
Contig139-1_WOB2613.6
RW55E12_Chr415.2
contig139-2_OB15.3
contig139_Chr415.7
Rh78_Chr423.2
CL3881_Chr425.8
RW53O21_Chr4 RW32D19_Chr448.1
POPUL_Chr4
RMS094_OB&WOB260.0
RhJ404_Chr414.6
RW62C4-1_WOB2625.0
RWAB13_Chr426.0
RhABT12_Chr426.1
Contig139-1_WOB2628.3
RW55E12_Chr429.4
Rh78_Chr439.3
CL3881_Chr443.0
RW53O21_Chr4 RW32D19_Chr464.8
WOB26_Chr4
 64 
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Tetraploid map 
The tetraploid population node was created using JoinMap 4 by selecting the following 
parameters: a CP population, 346 loci including 191 SSR and 155 AFLP amplicons with 
131 tetraploid progeny. Twelve linkage groups were selected from grouping trees of the 
population nodes with a minimum LOD score of 3.0 and loci numbers ≥ 9 per linkage 
group. The maximum REC =0.4.  Homologous pairs of linkage groups were identified by 
parallel, and multiple linkages of SSR markers in the diploid map (Figure 11), the 
integrated consensus map (Spiller et al., 2010) and tetraploid map (Gar et al., 2011). The 
loci which fit the expected segregation ratio were marked using a number with 
parenthesis followed by each marker name on the diploid and tetraploid map (Figure 11). 
The distorted marker loci not having numbers with parentheses were not excluded from 
the map if the marker showed on the integrated consensus map or the tetraploid map 
stated above. Ultimately, twelve linkage groups were all assigned to seven chromosomes. 
Chromosomes 1, 3, and 5 corresponded to one linkage group each. Chromosomes 2, 4, 
and 6 consisted of two linkage groups each. Chromosome 7 was comprised of three 
linkage groups (data not shown). For each chromosome which contained two or more 
linkage groups, one was selected as the main framework map, and then markers on 
another linkage group in the same chromosome were added to the framework map.  The 
inefficient markers and markers with a negative distance were excluded from the map. 
Except for chromosome 2 and 5 with two linkage groups, respectively, other 
chromosomes had one corresponding linkage group each. Among 346 marker loci, 174 
out of 346 (50%) loci of single-dose markers (SDMs) and double-dose markers (DDMs) 
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were mapped on the tetraploid linkage map.  The 174 loci spanned a map length of 883.4 
cM. Thus, there was an average of 24.9 loci on each linkage group. As the average length 
of a linkage group was 126.2 cM , the average distance between two loci was 5.4 cM. In 
addition, the number of map gaps with >15 cM was 1.9 per chromosome, and the largest 
gap was observed was on chromosome 5 with a distance of 21.8 cM (Table 10).  
 
Integrated map of diploid and tetraploid roses 
To date, 4 diploid (Yan et al., 2003 and 2005, Dugo et al., 2005, Crespel et al., 2002, 
Hibrand-Saint Oyant et al., 2008, Debener et al., 1999, and Linde et al., 2006) and 3 
tetraploid (Rajapakse et al., 2001a, Zhang et al., 2006, Gar et al., 2011 and Koning-
Boucoiran et al., 2012) rose genetic linkage maps have been created. One diploid 
integrated consensus map was also developed from 4 individual maps (Spiller, 2010). 
The integrated diploid-tetraploid map (Figure 11) is the first integrated rose map 
combining diploid and tetraploid maps. Sixty anchor SSR markers (Figure 12) were used 
to join the diploid (OBxWOB26) population map and the tetraploid (FFxGG) population 
map by JoinMap 4 function “combine groups for map integration”. Basically, the 
integrated linkage groups of individual chromosome were joined from one diploid 
linkage group and one tetraploid linkage group, but sometimes, also from one diploid 
linkage group and two tetraploid linkage groups. This integrated diploid-tetraploid map 
(Figure 11) consists of seven linkage groups covered by 215 loci with a map length of 
632 cM (Table 10).  
 
 69 
 
 
 
Figure 11.  Integrated map of diploid and tetraploid roses. Di represents diploid, Te represents 
tetraploid, and chr represents chromosome /linkage group in Joinmap 4. Markers with normal 
font  stand for SSR loci on diploid map, markers with italic font for SSR loci on tetraploid map, 
and markers with Chr, bold and underline font stand for anchor SSRs among 3 maps from 
chrosome 1 to 7, respectively. Marker names were followed by the alleles generated from 
parent’s  name,  OB, WOB26, Diploid (OB&WOB26), FC, GG and FC&GG. The number with 
parenthesis (1) is  representive for segregation ratio which fit the expected ratio 1:1, (2) for 3:1, (3) 
for 1:1:1:1, (4) for 3:1, 5:1 or both 3:1 and 5:1 using DDMs as well as (5) for at least following 
two ratios,7:1, 11:1 or 15:1 using DDMs. 
 
RW25J16_Chr1(3)0.0
RhD201_Chr1-2(2)3.1
RhAB9_Chr1(3)3.2
RhO517_Chr1(3)3.5
RhD201_Chr1(1)4.8
H9_B01_Chr1(1)5.6
RhE3-3_WOB26(1)9.4
RW34L6_Diploid(3)17.6
H5_F12_Chr1(1)31.7
RMS015_Chr1(3)41.0
Di_chr1
RhAB9-2_FC0.0
BQ104500_R_2_FC2.1
RhO517-3_GG17.5
RW14A5-2_GG17.8
E35/M49_26_1_FC22.0
BQ104967_FC&GG24.2
BQ105689_R_8.1_GG25.1
E33/M52_3_3_GG26.2
RhO517-2_FC27.3
E33/M52_26_4_GG42.3
E35/M49_19_2_FC46.4
BQ105689_R_8.2_FC&GG48.5
H9_B01_Chr151.8
E35/M49_25_1_FC54.5
RhD201_Chr155.3
RhO517_Chr156.0
RhAB9_Chr157.9
RhD201_Chr1-258.0
RhAB9-1_GG58.1
E35/M49_28_5_FC&GG59.7
RhE3-3_WOB2663.3
RW25J16_Chr165.0
RW34L6_Diploid72.9
E35/M49_2_1_FC75.2
H5_F12_Chr182.0
BQ104477_R_3_GG84.7
BQ105109_3_GG86.3
RMS015_Chr186.6
BQ105089_R2_5_FC&GG88.2
BQ105089_R3_3_GG100.2
BQ105089_R1_3_GG111.1
Integrated_chr1
RhAB9-1_GG(4)0.0
RhAB9_Chr1(4)11.8
BQ104500_R_2_FC(4)18.6
RhAB9-2_FC21.0
BQ104967_FC&GG31.7
BQ105689_R_8.1_GG(1)32.9
E33/M52_3_3_GG(1)34.1
E35/M49_26_1_FC(1)37.3
RW14A5-2_GG(1)41.2
RhO517-3_GG(1)41.7
RhO517-2_FC42.5
E33/M52_26_4_GG(4)61.7
E35/M49_19_2_FC(4)61.8
RhO517_Chr1(4)64.8
BQ105689_R_8.2_FC&GG(2)68.0
RhD201_Chr169.2
H9_B01_Chr1(2)73.5
E35/M49_25_1_FC(1)75.0
E35/M49_28_5_FC&GG(2)77.0
RW25J16_Chr1(1)87.3
BQ105089_R1_3_GG(1)94.8
E35/M49_2_1_FC(1)95.3
BQ105089_R3_3_GG(1)105.7
BQ105089_R2_5_FC&GG(5)117.8
RMS015_Chr1(2)119.4
BQ105109_3_GG(1)119.9
H5_F12_Chr1(1)121.7
BQ104477_R_3_GG(1)123.9
Te_chr1
 70 
 
 
 
Figure 11. Continued. 
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Figure 11. Continued. 
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Figure 11. Continued. 
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Figure 11. Continued. 
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Table 10. Loci composition of linkage groups in diploid, integrated diploid-tetraploid and 
tetraploid maps. 
 
Linkage 
map 
Chromos
omes 
(Linkage 
groups) 
Loci 
on 
map 
SSR 
numb
-ers 
Anchor 
SSR 
numbers 
Total length 
(cM) 
Average 
distance 
(cM) 
Number 
of gaps 
>15cM 
Largest 
gap per 
LG 
 
 
 
 
Diploid 
map 
Chr1 10 9 7 41.0 4.1 0 14.1 
Chr2 16 16 11 77.8 4.9 1 23.1 
Chr3 10a 7 5 47.2 4.7 1 28.1 
Chr4 17 12 11 48.1 2.8 1 22.3 
Chr5 21 11 9 71.3 3.4 0 13.2 
Chr6 6 6 6 24.1 4.0 0 8.8 
Chr7 19 16 11 42.8 2.3 0 9.1 
Total 99 77 60 352.3 3 118.7 
Average 14.1 11 8.6 50.3 3.7 0.4  
 
 
 
 
 
Integrated 
map 
Chr1 31 10 7 111.1 3.6 2 15.4 
Chr2 33 18 11 75.1 2.3 0 14.7 
Chr3 19 7 5 70.4 3.7 1 19.2 
Chr4 31 12 11 63.0 2.0 0 12.6 
Chr5 32 13 9 121.2 3.8 1 19.4 
Chr6 34 6 6 104.9 3.1 1 34.5 
Chr7 35 16 11 86.3 2.5 1 21.6 
Total 215 82 60 632.0  6 137.4 
Average 30.7 11.7 8.6 90.3 3.0 0.9  
 
 
 
 
 
Tetraploid 
map 
Chr1 28 8 7 123.9 4.4 1 19.2 
Chr2 21+10b 13 11 104.3+36.3b 4.5 2 19.3 
Chr3 13 5 5 87.1 6.7 1 15.4 
Chr4 24 11 11 97.9 4.1 1 15.2 
Chr5 7+12b 11 9 47.4+121.1b 8.9 4 21.8 
Chr6 34 6 6 146.8 4.3 3 19.7 
Chr7 25 11 11 118.6 4.7 1 17.9 
Total 174 65 60 883.4  13 128.5 
Average 24.9 9.3 8.6 126.2 5.4 1.9  
 
a: Three out of 10 loci are morphological loci. 
b:There are two linkage groups,   that belong to chromosome 2 and chromosome 5 of the 
tetraploid map. 
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Figure 12. The numbers of anchor SSRs between diploid, integrated and tetraploid rose 
linkage maps. Anchor primers on each chromosome (Chr) as follows, 
 
Chr1: H9_B01, RhD201, RhO517, RhAB9, RW25J16, H5_F12 and RMS015. 
Chr2: RW59A12, RMS137, RhD206, RhB303, RMS062, CL2996, H9_B01, RMS132, 
RhE506, Contig137, and RW54N22. 
Chr3: RhI402, Rh58, RW11E5, Rh50, and BFACT47. 
Chr4: RHJ404, RhD221, RhE3, Contig139, RW55E12, RhABT12, RWAB13, Rh78, 
CL3881, RW53O21, and RW32D19. 
Chr5: Rh93, RhE3, RW14H21, CL2845, RhAB38, CL2002, RW18N19, RW8B8, and 
RW10J19. 
Chr6: RW19E15B, RhAB22, RW11E5, RhAB26, RW5D11, and H22_E04. 
Chr7: RW10M24, RhP519, RMS001, RMS003, H2_C05, RW5G14, RW8B8, RMS066, 
H10_D03, H9_B01, and RMS043. 
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CHAPTER IV 
DISCUSSION AND CONCLUSION 
 
          Mapping population in roses 
 The commercial rose is multispecies, mainly tetraploid, complex which has involved 
crosses among 5-10% of the existing rose species. In rose breeding today, the 
development of disease resistance has come to the forefront as in other crops such as 
potatoes, cucumber and grain (Song et al., 2003; Walters and Wehner, 2002; Feuillet et 
al., 2003). Excellent disease resistance has been found among the wild diploid rose 
species (Spethmann and Feuerhahn, 2003). However, this diploid to tetraploid 
introgression is obstructed by ploidy differences. This study seeks to elucidate the 
similarities among the diploid and tetraploid genomes by comparing their maps and 
clarifying the predominant inheritance patterns (disomic versus tetrasomic) seen in the 
tetraploid population.  
 
Thus far, 5 diploid rose maps have been developed including WOB26 map. Of these, 
three involve Rosa wichurana, a species with high resistance to black spot (Dugo et al., 
2005; Hibrand-Saint Oyant et al., 2008; this research),  whereas, the other two involve 
the species R. multiflora (Yan et al., 2005; Linde et al., 2006) which was used to breed 
the Polyantha roses (Spethmann and Feuerhahn, 2003).  The first reported tetraploid map 
also involves R. wichurana  (Rajapakse et al., 2001b; Zhang et al., 2006) and the two 
latter tetraploid maps involve cut rose germplasm (Gar et al., 2011; Koning-Boucoiran et 
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al., 2012).  Although the diploid maps have been integrated into a consensus map 
(Spiller et al., 2010), a diploid-tetraploid map integration does not exist.   
             
Polymorphism of SSR markers  
Single sequence repeats (SSRs) are abundant and highly polymorphic throughout plant 
genomes and thus were used for genetic analysis and map construction in polyploidy 
species, such as tetraploid alfalfa (Diwan, et al., 2000 and Julier et al., 2003), octoploid 
strawberry (Rousseau-Gueutin et al., 2008), tetraploid peanut (Hong et al., 2010) and 
tetraploid roses (Rajapakse, 2001b). In rose, SSRs developed from cDNA libraries (R. 
chinensis ‘Old Blush’, and R. wichurana ‘Basye’s Thornless’) (Foucher, 2009), EST 
(expressed sequence tag) libraries (R. hybrida ‘Fragrant Cloud’ and R. hybrida ‘Golden 
Gate’) (Hibrand-Saint Oyant et al., 2008), various rose genes (Yan et al., 2005; Biber et 
al., 2010) and other sources of genomic DNA (Esselink et al., 2003; Yan et al., 2005; 
Debener, Germany, personal communication; Zhang et al., 2006 and Hibrand-Saint 
Oyant et al., 2008) have shown  high levels of polymorphism ranging from 31 to 73% in 
various populations (Zhang, 2006; Hibrand-Saint Oyant et al., 2008 and this research).            
 
Segregation analysis in diploid and tetraploid population 
Bi-parental markers cdxcd (1:2:1) and abxac (1:1:1:1) scored co-dominantly generated 
the higher distortion rate than uni-parental markers abxaa (1:1), aaxab (1:1) and bi-
parental markers abxab (3:1) scored dominantly in WOB 26 parents. Segregation 
distortion skews the genotypic frequencies from the expected ratios of Mendelian 
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inheritance. Segregation distortion could be caused by different physiological and 
genetic factors such as pollen tube completion, pollen lethals, preferential fertilization, 
and selective elimination of zygotes and gametophytic factors. In addition, chromosomal 
regions consistently associated with segregation distortion, called segregation distortion 
regions (SDRs), have been reported in several mapping population (Lu et al., 2002; 
Zamir and Tadmor, 1986). Segregation distortion is common during the development of 
genetic linkage maps and high distortion rates were discovered in populations of maize 
(65%) and tomato (68%) (Wendel et al., 1987; Paterson et al., 1988). Although the mean 
distortion rate of segregation ratio of WOB26 population (58%) was higher compared to 
14.8%, 16%, and 38.8% among other diploid maps (Dugo et al., 2005; Debener and 
Mattiesch, 1999; Crespel et al., 2002), 66 out of 82 (80%) SSRs on the diploid-tetraploid 
integrated map aligned with anchor SSRs on the integrated consensus map (ICM) 
published by Spiller et al. (2010).   
 
Given the complexity of a tetraploid genome which leads to uncertainty of parental 
genotypes and highly complex segregation patterns, single dose amplication fragments 
(SDAF)  (presence vs absence) were predominantly used to construct the genetic linkage 
map and for segregation analysis on the polyploid level. These uni-parental single-dose 
fragments (1:1) and bi-parental single-dose fragments (3:1) were widely used for map 
construction in different polyploid crops such as potato, strawberry, alfalfa, switchgrass, 
bahiagrass and willow (Li et al., 1998; Rousseau-Gueutin et al., 2008; Diwan et al., 2000; 
Liu et al., 2012; Stein et al., 2007 and Barcaccia, 2003). Among the current 3 tetraploid 
 81 
 
rose maps, 64 to 83% of the markers mapped were SSR and AFLP single-dose markers 
(SDMs) (Rajapakse et al., 2001b, this article and Koning-Boucoiran et al., 2012). 
Double-dose markers (DDMs) with segregation patterns 3:1 (duplex by nulliplex), 7:1 
(simplex by duplex) and 15:1 (duplex by duplex) for disomic inheritance, and 
segregation ratio 5:1 (duplex by nulliplex), 11:1 (simplex by duplex) and 35:1 (duplex 
by duplex) for tetrasomic inheritance were excluded in one tetraploid rose map and 
contributed a lower percentage of loci (from 12.6% to 23%) in the other two tetraploid 
rose maps. 
 
The distortion rate of 8 to 13.5% in 3 tetraploid rose maps is much lower compared to 
the rate in diploid maps. This is because SDMs were both calculated into marker 
segregation ratio in diploid and tetraploid mapping populations, while DDMs were 
calculated into the marker segregation ratio only in tetraploid mapping population 
subsequently to reduce the distortion rate. For instance, the distortion rate decreased 
from 38% to 8% in the case of this article (Tables 7 and 8). 
 
Genomic structure of roses: autotetraploid or allotetraploid 
          Polyploids are very common in plants, with tetraploids being the most common. In 
nature, diploid roses could evolve to a fertile tetraploid rose via spontaneous 
chromosome doubling during mitosis in somatic cells or meiosis in gamete cells. The 
most common condition in nature appears to be alloploidy via hybridization and non 
reduction during meiosis leading to a doubling of chromosomes in a low fertility diploid 
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hybrid (Burnham, 1962). In rose breeding, several sterile diploids such as ‘Max Graf’ (R. 
rugosa and R. wichurana) and a diploid hybrid between  R. abyssinica and R. rugosa 
(Spethmann and Feuerhahn, 2003) were converted to fertile tetraploids via doubling 
during meiosis. More commonly, breeders use  colchicine and oryzalin applications to 
cause mitotic polyploidization of diploid germplasm to create tetraploids with which to 
work (Zlesak, 2006; Byrne et al., 1996).    
 
Tetraploids range from allopolyploids (genomic combination) to autotetraploids 
(genomic duplication) (Wendel, 2000; Comai, 2005).  As an autopolyploid has 4 copies 
of each homologous chromosome, it is expected to form tetravalents during meiosis 
whereas alloploidyploids being derived from differentiated genomes are expected to 
preferentially form bivalents during meiosis (Byrne and Crane, 2003). However, 
according to a survey in the polyploid plants, multivalent formation was observed in 
only 28.8% of the autotetraploids, which was less than expected and in 8% of the 
allopolyploid species which was higher than expected (Ramsey and Schemske 2002). In 
the evaluation of meiotic behavior in an allotetraploid developed from a sterile diploid 
hybrid among two rose species (Rosa wichurana x R. rugosa) and hybrids derived from 
crosses with it and a tetraploid rose indicated that multivalent formation involved from 
15% to 74% of the chromosomes. This combined with the fact the chromosomes of the 
sterile diploid paired almost exclusively as bivalents with little univalent formation, 
indicated that the genomes of the rose species used in the development of commercial 
roses are only partially differentiated (Ma et al., 1997).  The analysis of the segregation 
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ratio of the 28 DDM loci in GGFC population, gave a ratio of disomic to tetrasomic 
inheritance of 12 to 16. This appearance of both types of segregation patterns with a 
preference towards tetrasomic inheritance agrees with the conclusion by Gar et al., (2011) 
and Koning-Boucoiran et al. (2012). In contrast, when the thesis of preferential 
chromosome pairing was tested by looking at the proportion of coupling vs repulsion, 
the 1:1 hypothesis was rejected only in 2 out of 14 linkage groups of FC and GG map by 
Chi-square test, which showed a disomic inheritance as well as rejected 7 out of the 14 
linkage groups for the tetrasomic hypothesis of 1:0.25 coupling versus repulsion 
arrangement. Thus in this analysis, the predominant inheritance appears to be disomic 
over tetrasomic.  It is not clear why the conclusions are different although perhaps it 
might be in part due to low numbers of loci compared per chromosome. In any case, it is 
clear both disomic and tetrasomic segregation is operational in roses. Given the breeding 
history of the tetraploid rose as a multispecies complex which combines species with 
partially differentiated genomes (Ma et al., 1997; Ma et al., 2000), the relative 
proportion of disomic and tetrasomic segregation will likely vary some with the genetic 
background studied.   To sum up, we can conclude that in these rose tetraploids, disomic 
and tetrasomic inheritance usually exists concurrently as the results showed in the GG x 
FC population and K5 population (Koning-Boucoiran et al., 2012).  
 
Genetic linkage map in diploid and tetraploid roses  
Anchor SSR markers can be used to integrate two or more genetic linkage maps 
manually or with JoinMap.  In roses, JoinMap was used to align two parental maps 93/1-
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119 and 93/1-117 to an integrated map (Yan et al., 2005), as well as to align 4 maps into 
an integrated consensus map Spiller et al (2010). In other crops, two examples are given. 
First, the genetic linkage maps of cultivated octoploid and diploid strawberry (Fragaria 
species) were compared manually and revealed a level of colinearity between them 
(Rousseau-Gueutin et al., 2008). Second, in peanuts (Arachis species), a SSR-based 
composite map was developed from an integration of three tetraploid populations and 
then compared with a SSR-based diploid map (Hong et al., 2010). An integrated map 
gives a general order and distance among the molecular markers, and thus provides some 
useful information to identify desirable traits for marker selection or to study genomic 
structure and gene function.  A high percentage of anchor/common SSRs were shared 
between diploid map (78%) and tetraploid map (92%) (Table 10), which permitted the 
development of an integrated diploid-tetraploid map .This integrated diploid-tetraploid 
map when compared to ICM map (Spiller et al., 2010), GGFC population map (Gar et al., 
2011) and K5 population map (Koning-Boucoiran et al., 2012) with numbers of the 
anchor SSRs and mutual morphological traits (Table 11) showed excellent collinearity 
among the maps.  
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Table 11. The comparison of the integrated diploid-tetraploid map with the ICM, and the two published tetraploid maps. 
  
 
ICM diploid map (Spiller et 
al., 2010) 
Integrated diploid-
tetraploid map 
Full-sib tetraploid map 
(Gar et al., 2011 ) 
K5 tetraploid map (Koning-
Boucoiran et al., 2012) 
Linkage group 
(LG) or 
chromosome 
(Chr) 
No. of 
Anchor  
SSRs  
Mutual 
morphological 
traits 
No. of 
SSRs 
Mutual 
morphological 
traits 
No. of 
Anchor  
SSRs 
Mutual  
morphological 
traits 
No. of 
Anchor  
SSRs 
Mutual  
morphological 
traits 
1 9 Rdr1 10  4  3  
2 14 Blfa 18  10  6 2 Prickles 
(QTL) 
3 7 Prickles, RB, Blfo, 
PM (QTL), 
PN(QTL) 
7 Prickles, RB, 
Blfo 
5  2 Prickles (QTL), 
PN(QTL) 
4 11 PM (QTL)  12  7 Color_A, Ag 3 PM (QTL) 
5 10  13  9  2  
6 2 PM (QTL) 6  4 PM 0  
7 13  16  9  5  
 
Rdr1, black spot resistance; Blfa, flower color; prickles, stem prickles; RB, recurrent blooming; Blfo, flower type; 
PM, powdery mildew resistance; PN, petal number; Color_A, flower color; Ag, anther color. 
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The synteny among all the maps was excellent which should aid in the translation of 
genetic information from the diploid case to the tetraploid situation.   Examples of this 
would be loci such as, Rdr1, black spot resistance, was closely linked to two markers 
155SSR and RMS015 in LG1 (Biber et al., 2010) ,while RMS015 was also mapped on 
Chr1 (LG1) on the integrated map in this article. Therefore, using anchor marker, like 
RMS015 to look for/check whether Rdr1 also located on the same locus on or near the 
same locus on the tetraploid map as diploid is a new research direction. Furthermore, the 
molecular markers of GA-influenced floral genes, RoVIP3, RoSPY and RoDELLA, 
designed from the similar genes of Arabidopsis were also successfully mapped to two 
important traits, date of flowering and recurrent blooming (RB) on the diploid rose map 
(Remay et al., 2009). This method provides an approach to explore more marker-related 
functional genes introduced from other species closely linked to the important traits in 
the future breeding program. 
 
The great benefit of developing a genetic linkage map is to understand the gene linkages 
of desirable traits on chromosomes and the probability of gene recombination during 
meiosis.  The diploid-tetraploid integrated map is the first step in comparing the 
similarity between the diploid and tetraploid genomes and to locate the putative anchor 
SSRs for some horticultural traits in roses which would accelerate the introgression of 
important traits from diploid roses into the genetic background of cultivated tetraploid 
roses. 
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APPENDIX A    TOWARDS A UNIFIED GENETIC MAP FOR DIPLOID ROSES* 
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APPENDIX B     AN AUTOTETRAPLOID LINKAGE MAP OF ROSE (ROSA 
HYBRIDA) VALIDATED USING THE STRAWBERRY (FRAGARIA VESCA) 
GENOME SEQUENCE*
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